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Pho spho ru s p l ay s  an i mportant ro l e  i n  the chemi s t r y  o f  l i fe 
and pho sphate e st e r s  and d i e s te r s  are the p r i nc ip a l  mode s i n  
whi ch i t  pe r f o rm s  i t s e s senti a l· fuc t i ons . 1 
Pho sphate e s t e r s  have a gene r a l  s t ru c tu re whi ch 
c on s i s t s  o f  a pho spho ru s atom doub l y  bonded t o  an oxygen and 
to three othe r l i gands through oxygen, a s  in ATP o r  i n  DNA , 
fi g .  1. The l atte r i s  a po l ymeri c di e s t e r  o f  pho spho r i c  
ac i d . 
The o rganopho sphate s p l ay a ro l e  i n  p o l yp epti de o r  
prote i n  s ynthe s i s .  1' 2 The organopho sphate s a r e  
c on s i de red to be the s t o r ehou s e  a s  we l l  a s  c a r r i e r  o f  ene rgy 
for b i o l ogi c a l func t i ons . 2 ATP supl i e s  the ne c e s s a ry ene rgy 
for many matabo l i c  proc e s se s  through hydro l y s i s .  The f i g .  2 
repre s ent s such a p r o c e s s . The symbo l  s i gni f i e s  that 
a s s o c i ated w i th the change of one mo l e c u l e  of A to B ,  a 
mo l ec u l e  o f  ATP l o s e s  i t s  terminal pho sphate group and i s  
c o nve rted i nto ADP . The hydro l y s i s o f  ATP t o  AD P  re l e a s e s  
ene rgy whi ch i s  u se d  i n  the c onve r s i on o f  A t o  B .  The 
mechani sm by whi ch ATP hydro l y s es to ADP i s  not k nown wi th 
c e rta i nty . 
B e s i de s  the v i t a l  r o l e  p l ayed by pho sphate e s t e r s  i n  
l i f e, s ome o rganoph o spho ru s c ompounds a r e  found t o  b e  
po i sonou s . 1 The i r  p o i soni ng e f f e c t  i s  due t o  the i nhi b i ti on 
NH2 
N::c 0 0 0 I '\: II II II � N)l-l C-0-p-O-P -0-p -o-N �2 I I I . 
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Fi gure 1 
of e s s en t i a l  e nz yme a c t i vi t i e s  by m a s king ac t i ve s i t e s  of 
the enz ym e s .  The gene r a l  stru c ture of organopho sphoru s 
p o i s o n s  c an b e  rep r e s ented by a stru c tu r e , f i g .  3 .  Wh·:: r e  
M1 a n d  M2 a r e  group s di ff i cu l t  to di s p l a c e  f ro m  a 
pho spho ru s at o m, e g ,  a l ko xy, di a l ky l  ami no o r  a l k y l  and X i s  
a f a i r l y  good l e avi ng gr oup.1 S l i ght m od if i c at i o n s  i n  
s t ru c tu r e  dr am a t i c a l l y  change the eff i c i enc y  of po i sans 
2 
F i gure 2 
3 
whi ch are u t i l i z ed i n  the s ynth s i s o f  a w i de vari ety o f  
chemi c a l  we apon s . 
M 2' 0 ' -:?-p M / "-1 X 
F i gu re 3 
S om e  o rganopho spho ru s compound s have b een found to 
be very e f fe c t i ve p e sti cide s. 3  Examp l e s  a r e  P ar athi on, 
P araoxon, M a l athi on, etc . ,  fi g .  4 .  A l though , the 
e ff e c t i vene s s  o f  var i ou s  pe sti c i de s  a r e  known, the 
mechani sm s b y  whi ch the y  ac t are not fu l l y unde r s tood. 
Some o rganopho spho ru s compound s have f i re and f l ame 
retardant p rope rt i e s  and are u s ed a s  c omponent s · o f  bu i l ding 




Fi gure : 4 
M any attemp t s  have been made to e lu c i date the 
vari ou s  me chani sm by whi ch phosphate s a c t  i n  b i o l o gi c a l  and 
o the r s y stem s . The re are many sugge s t i o n s  regardi ng 
mechani sms a l l  o f  whi ch f i t i nto one o f  two broad 
c atago r i e s . 
1. A ss o c i at ive . 
2 .  D i s s oc i a t i ve . 
5 
O f  the s e  two , 
i nt e r e st to 
the a s s o c i a t ive typ e  di sp l ac em e nt h a s been o f  
m o s t  i nve st igator s and thi s p a thwa y  h a s  be en 
st ab l i  shed w ith c ert a inty . On the o the rhand , l e s s  wo rk h a s  
b e en done a n d  the re h a s  b e en much cont rove r s y  su rrounding 
the d i s s o c i at i v e  m e c hani sm . 
The d i s s oc i at i ve me chani sm i s  be l i eved to b e  
imp o rtant b e c au s e  i t  ha s b e e n  thought that i t  repre s ent s the 
ac tu a l b i o l o g i c a l p ro c e s s e s  by whi c h  l i fe uti l i z e s 
pho sphapha t e  e ste r s . The s chem e s  i n  fig . 5, rep re s ent the 
two typ e s o f  di sp l a c ement at the pho spho ru s  atom . The r e  ha s 
b e e n  a numbe r  o f  p r op o s a l s  whi c h sugge s t  a di s s o ci ative 
me chani sm 
mechani sm 
in d i sp l ac ement s 
w a r r an t s  an 
c o o rd i n a t i o n  numb e r . I n  
at pho spho ru s . 4  
i nt e rmedi ate with 
the pho sphate 
Thi s 
a 
t yp e  o f  
reduc e d  
e st e r s  thi s 
i nt e rmedi ate wou l d  be a pho sphac y l i um i on ana l o gou s to a 
c a rbo ac y l i um i on gene r a ted from an a c y l  ha l i de , fi g .  6 .  
Amo ng s eve r a l  s t ru ctu r a l  po s s i b i l i t i e s , a pho spha c y l ium i on 
c ou l d  r et a i n  the ge om e t r y  o f  the st art i ng m ate r i a l. Thi s 
p athway the n  wou l d  p rodu c e  a s te reo spec i f i c  p rodu c t  whe r e  
the l e av i n g  group i s  rep l ac ed by the nuc l eophi l e  whi l e  
ret a i n i ng the ab s o lute c o nf i gu r at i on around the pho spho ru s 
atom , fig . 7 .  Fo r the s e c ond po s s ib i l i ty ,  the i n t e rmediate 
pho sphac y l i um ion c ou l d atta i n  p l an a r i ty . I f  thi s i s  the 
c a s e  then nuc l e ophi l i c  sub s t i tut i on shou l d  g i ve upon 
sub st itu t i o n  a m i x tu r e  of i s om e r s . The pho spho ru s atom wou l d  
· ' 
6 
b e  prone to b e  attack ed by nuc l e ophi l e  from both s i de s ,  
pe rpendi cu l ar t o  the p l ane o f  the i on ,  f i g .  8 .  The r at i o  o f  
i s omer s  o f  the p rodu c t  may b e  equ a l  o r  di f f e r ent depending 
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F i gu re : 5 
and f i n a l  po s s i b i l i ty 
Lv 
i nvo lve s 
equ i l i b rati on o f  the i nte rmedi ate . The nuc l e ophi l e  attac k s  
f rom e i the r s i de re su l ti ng i n  a non ste reo spec i fi c  p roduc t ,  
the r at i o  dependent on the di rec ti on o f  the equ i l i b r i um ,  
f i g .  9 .  
0 II (R 0). P-OH 2 - 0!-1 
F i gu r e  6 
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F i gure 7 
0 + Nu ) II ., P , 
Q..o,...- � "Nu 
0 R 
B o th a mo l ecu l a r o rb i t a l  and v a l enc e b o nd mode l c an 
b e  u s ed to 
pho spho ru s . 
de s c r i b e  the bonding i n  t e t r a c oo rdi n a ted 
The mo l e c u l a r o rb i t a l  app r o ac h  do e s  no t 
n e c e s s a r i l y  requ i r e  the u s e  o f  pho spho ru s 3d o rb i t a l s and 
the i nc l u s i o n of such o rb i ta l s  rema i n s c o n t r o ve r s i a l , 
whe re a s  the va l e nc e bond app ro ach requ i re s the i nc lu s i on o f  
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F i gu re : 9 
A s i mp l i f i ed va l enc e bond mode l ha s a t e t rahe dr a l  
ar r angement abou t  pho spho ru s whi ch uti l i z e s  s p3 hybr i d  
orb i ta l s o f  pho spho ru s and l i gand o rb i t a l s .  The fifth 
va l enc e e l e c t r on c f  the pho sphoru s i s  f o r c e d  t o  o c cupy a 3d 
9 
orb it a l . I n  the pho sphoru s-ox ygen b o nd the o xygen i s  sp2 
hybr i di z ed with two l obe s ac c ommodat i ng non b o nd i ng e l e ctr o n  
p a ir s a n d  the other e l e ctr on i n  the p - o rb i  t a l . Over l ap 
betw e e n  pho sphoru s and o x ygen then forms a s i gm a  a nd a p i  
bond . D ir e ct sp3d h yb r i diz ati on i n  pho sphoru s i s  not l i ke l y  
b e c au s e  o f  the high energy ne c e s s a ry to p ro mot e a n  e l e ctro n  
to an empt y  3 d  o rb i t a l . 
I n  the th i opho spho ry l s y stem(P=S) , su l fur w i th it s 
d- o rb i t a l s  sho u l d  be mo re c ap ab l e o f  f orm i ng eff e ct i ve 
b a c kbond i ng t o  pho spho ru s. We wou l d  exp ect that i n  the 
th i opho sph ate s y stem s, a pho sph a c ylium i o n ,  i f  i t  do e s  f orm , 
wou l d  b e  more stab l e  than i t s  oxo - c ounterp a rt .  
Ther e fore , ou r fir st o b j ect i ve w a s  
su i t�b l e  pho sph at e s y s tem whi ch wou l d  
pho sph a c y l i um i o n i nte rmedi at e o f  su f f i c i e nt 
det e ct i on . 
t o  f i nd a 
gene r ate a 
stab i l it y  for 
10 
HISTORICAL 
S tudi e s  h ave been done to e lu c i da t e  th e m e ch ani sm 
by wh i ch pho sph a t e s  unde rgo sub s t i tu t i on r e a c t i o n s  and much 
c o nt rove r s y  e xi s t  ove r  th e re su l t s . 5
-
13 M e ch ani s m s  h av e  
b e e n  p o s tu l a t e d  o n  the b a s i s o f  k i ne t i c s  a n d  s t e r e o chemi c a l  
re su l t s  and b o th a s s o c i ative and di s s o c i a t i v� t yp e  p a thw a y s  
h ave b e en p ro p o s ed . Al th ough the re a r e  many e x amp l e:::; of 
di sp l ac eme n t s a t  pho spho ru s  p ro c e ed i ng b y  an a s s o c i a tive 
mech ani sm ,  few au th e nt i c  examp l e s  e x i s t  f o r  a di s s o c i a t i ve 
mech ani sm . 5
-
9 Our i nt e r e s t  i s  i n  th e d i s s o ci a tive 
me.ch ani sm whi ch sho u l d  pr oduc e a pho sph a c y li urn i o n  a("' .;) 
i nt e rme d i a t e. 
an 
I t  h a s b e e n  known fo r s ome t i me th a t  c e rt ain org anic 
r e a c tio n s  i nvo lve a p o s i t i ve l y  charged i nt e rmedi a te known a s  
a n  a c y l i um i o n . 10 The spec i e s  h a s  a r e s o n an c e s truc tu r e , 
f ig . 10 . T re t t e r s, H ammett e t  a l11 h ave shown th a t  the 
ac y l i um i o n i s  p rodu c ed when an o r tho sub s ti tut e d  b enzo i c  
a cid i s  di s s o lve i n  su l fu r i c  ac i d ,  fig . 11. 
In the F r i ede l-C r a ft ac y l a t i on , the ac y l i1:1m i on i s  I 
g e ne r ated a s  an i nt e rmedi ate f rom the re a c t i on of A lumi num 
c h l o r i de and an a c y l  h a l i de . 10 Th i s  i o n i n  tu rn t ak es p a rt;. 
in e l e c t roph i l i c  sub s t i tu t i ons , f ig . 12. Ca rb o xy l i c  ac i d  
e s t e r s  a l s o  unde rg o  nuc l e ophil i c  sub s t itu t i o n via a 
di s s o ci a t ive me ch ani sm i nvo l v i ng an i n t e rmedi a t e  ac y lium 
11 
i on .  12 The ana l o gou s "pho sphac yl i um c ati on" i s  the subj e c t  
o f  thi s the s i s ,  f i g .  13. 




Fi gure 10 
Fi gu re 11 
0 
II 
+ .• o· Cl- � C,R AICI HO R-C=Q + � I + AI 4 � v . + 3 + 
Fi gu re : 12 
The deve l opment o f  the mechanis t i c aspe c ts o f  
o rganophospho ru s chemi s t ry has been l a rge ly bas e d  o n  ana l o gy 
+ .. R-C=Q 
ACYLIUM ION 
F i gu r e  1 3  
1 2  
RO '\+ .. P-o / .. RO 
PHOSPHACYLIUM ION 
to hyd ro c a rbon mechani sms . Th i s is p a r t i cu l ar l y  not ed i n  
the c a s e  o f  c a rboxylic ac i d  e s te r s  and pho spho r i c ac i d  
e s t e r s . 
S ev e r a l  a ttempt s  to p rove the di s soc i a t i ve m e ch ani sm 
whi ch mi ght i nvo l ve the i nte rmed i ate pho sphac y l i um i on h ave 
b e e n  r epo r ted . The s e  mai n l y  have i nvo lved phosph a t e  
d e r i v a t i ve s. Fo r examp l e , pho spho r ami d a t e s ,  where the 
sub s t i tu e nt s m i ght p a r t i c ipate in the s t ab i l i z a t io n  of the 
i nt e rmedi a t e  w i th reduc e d  coo rd i n a tion numb e r . 
On th e b a s i s o f  an oxygen k i ne t i c  i so tope e ffe c t  
s tudy , Re i m s c hu s s e l  and P ane th13 h ave s u gg e s t ed a 
di s soc i a t i ve p a thwa y  i n  the the rma l  i some r i z ation o f  
b i s(S , S-d i me thy l-2-oxo -1 , 3 , 2-di oxapho spho r i ny l) su l fi d e, 
f i g . 14 . 
The f i r s t attempt f rom the s t e r eo chemi c a l  approach 
t o  p rove the exi s tenc e  o f  a pho sphac y l i um ion i nt e rmediate 
wa s made by p o l i sh wo rk e r s , Mi chae l s ki e t  a l . 14 The y studi ed 
0 0 0 s . H3C>O u �� (CH3 H3Cu u u;ryCH3 p-s- � p-o-P'o-1''\ 
H C CH H C · . CH3 3 3 3 
Fi gure 14 
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the s ynthe s i s and s te re o chemi stry o f  mi xed pho spho ru s -
su l foni c anhyd r i de s  whi ch are sui t ab l e  fo r thi s 
i nve sti gati on f rom the po int o f  l e av i ng group 
char acte r i  s t ie s, e l e c t roni c and steari c e ff e c t s, f i g .  15. 
The s e  e f fec t s  sho u l d  promote the i nvo lvement o f  a 
di s so c i a t i ve me chani sm dur i ng nuc l e ophi l i c  d i s p l ac ement at 
the tetr a c o o rd i nated pho spho ru s  c ente r . The y  found, unde r 
c ondi ti ons f avo r ab l e  for forma t i o n  o f  a s t ab l e 
thi opho sphac y l i um i on that dur i ng di sp l ac ement the s-o bond 
b re ak s l e av i ng P - 0  b ond intac t. Thi s wa s p roved by 110 
s c r amb l i ng .  They a l so found that hydro l y s i s o f  opti c a l l y 
ac t ive mi xed pho spho ru s - su l foni c anhydride s p r oduc e  100% 
inve r s i on o f  the o r i g i n a l  c onfi gu rati on, fi g. 1 6 .  F r om the i r  
ob s e rvat i ons the y  c onc luded that the pho sphac y l i um i on was 
c e rt a i n l y  not an i nt e rmedi ate ; the hydro l y s i s i nvo lve s a 
c onc e rted me chani sm . 
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Ph ...... � 'oso2cH3 
t-Bu 
20 C•)sl-'lo = •28.3 
Fi gure 16  
14 
The po s s ib i l i ty of the exis tenc e o f  a di s so c i ative 
proc e s s  has been enh anc ed by the wo rk o f  We sthe i m e r  and hi s 
c o l l aborato r s . 1 5 Thei r  s tudi es we re mai nl y di rec ted towards 
the s ynthes is and i denti fi c at i on o f  a monome r i c  
1 5  
me t apho sphate i on 
In p a r t i cu l a r, 
f o rmed through a di s soc i a t i ve mechani sm . 
me tapho sphate 
fragmentati o n  
pho sphonate 
the i r  obj ec t i ve w a s  
i on, 
o f  
i n  
CH 3 Po 3, re su l ti ng 
e r ythreo - 1 -pheny l ­
the pre s enc e . o f  
to i dent i fy the 
f rom the 
1, 2 - d ib romo -propyl 
2, 2, 6, 6 - t e t r ame thyl 
pi p e r i di ne, f i g . 1 7 . The fragmentati on p a tt e rn wa s 
di s c ove red b y  Conant and hi s c o l l aborato r s  i n  the 192 0' s  and 
redi s c ove red by M ayna rd and Swan i n  196 3. 1 6 The 
fragmentati o n  p a tt e rn known a s  the ConantSwan f r agm entat i on 
i s  s t e re o sp e c i fi c . The e rythreo i some r fo rm s  the t r ans whi l e  
the thr e o  i s ome r yi e lds the c i s  a l k ene, 1 6 f i g .  1 8 . 
We s the ime r h a s  suc c eded i n  proving the e x i s tenc e o f  me thy l 
me tapho sphate whi ch re su l t s  from the above f r a gmentat i on 
proc e s s  by t r app i ng the reac ti on spec i e s  i n  di f f e r ent ways, 
fi g .  1 9 . 
R ami r ez 
me tapho sphate 
e t  
i n  
a ll' 
the 
repo rted the 
dec ompo s i ti on 
e x i stenc e  o f  
o f  sub s t i tuted 
pho sphate s ;  2, 4 - di ni t rophenyl pho sphate and e rythro­
i -pheny l - 1, 2 - di b romo - p ropyl pho sphoni c ac i d  in the pre s enc e 
o f  a hinde red b a s e, B ,  di i s opropyl ethyl ami ne, f i g . 2 0 . In 
o rde r to t r ap the reac tive me tapho sphate, an equ imo l ar 
mi xtu re o f  methano l and t-Butano l was emp l o yed . The p rodu c t  
mixtu r e  c onta i ned mo re methyl pho sphate than t -buty l 
pho sphate and the re su l t  attr ibuted to s t e a r i c di f f e renc e s  
between the nuc l e ophi l e s . The proce s s e s  i nvo l ved i n  the 
Q 
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W e s th e ime r and Rami rez s tudi es a re p a r a l l e l  i n  a ·fo rma l 
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s en se to the enzymat i c  trans fo rmati on o f  pho spheno l  py ruv ate 
f rom py ruv ate and ATP . 18' 1 9 
Lowe and Sproat2 0 have found that py ruv ate kin a s e  
acts on ATP i n  the ab s enc e o f  py ruv ate o r  pho sphoeno l 
17 
N02 0 
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18 
pyruv a t e  t o  s c r amb l e  the oxyg�n atom abo u t  the b e t a  
pho spho ru s  a tom , f i g .  21. TlH::y prop o s ed tha t  t h e  enz yme 
sp l i t s  o f f  m onome r i c  me taphosphate wh i ch the n  r ejo i n s  the 
bet a pho spho rus a tom fo llo\/l g i.ts r o t a t i o n . F ro m  the i r  
evi den c e  f o r the f o rm a t i on o f  a me t apho spha t e  v i a a 
di s s o c i a t i ve mechan i sm, the possib il i ty f o r  the ex i s t ence o f  
a pho spha c y l i um i on a s  an intermediate i s  gr e a t l y  e nh an ced .  
A c e rt a i n  c l a s s  o f  ATP-dependent ami do t r a n s f e ra s e s 
c an c onve rt a c a rbonyl g roup i nt o  a C=N group w i th 
s to i chi ome t r i c c l e avage o f  ATP to ADP and P04
-2 2 1 
f i g . 2 2 . L ab e l l i ng expe r i men ts have shown the t r an s fe r  o f  
0 
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1 9  
th e c a rbony l oxyg en i nto i norg ani c pho sph ate . Th e s e p r o c e s s e s  
f o rma l l y re s emb l e  the prep arati on of ke t im i ne and 
b enz imi date a s  p romo ted by monome ri c me thyl me t aph o sph at e . 
In one o f  th e two po s s i b l e  enzyme c ata l yz e d  p a thways , ATP 
attacks th e c arbonyl g roup to activ ate i t  f o r  nuc l eoph i l i c  
attac k ,  wh e re a s  i n  th e othe r a tetrahedr a l  i nte rmedi ate i s  
f o rmed wh i ch i s  sub sequentl y  trapped by ATP . Th e 
c onc entrat i on o f  th e tetrahedr a l  i ntermedi ate on the enz yme 
may we l l  b e  sub s t anti a l , and the pF oximi ty to ATP cou l d  
f avo r a bimo l e cu l a r re ac ti on . 22 Sev e r a l  othe r b i ochemi c a l  
pro c e s s e s  re s emb l e  the prev i ou s ly di scu s sed sy stems . P e rhaps 
2 0  
ATP func ti ons i n  thi s way , as we l l  a s  othe r s, t o  a c t i vate a 
c a rbonyl group vi a the tran s fe r  o f  monome ri c me tapho sphate . 
Even i f  the att ack o f  monome r i c  metapho sphate on the 
c a rbonyl oxygen p rovi de s the fi r st step i n  the r e a c t i o n ,  one 
mu s t  c on s i de r  whe the r  ATP pho spho ry l ate s the c arbonyl by 
di r e c t  attack or by p r i o r  di s soc i ati on to the monome r i c  
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P roo f  o f  th e exis tenc e o f  a di a lkyl ph
osphac yl i um 
c ati on , a s  an i nte rmedi ate shou ld have gre a t
 i mp l i c at i ons 
2 1  
w i th re sp e c t  to the probabi l i ty o f  monome r i c m e taphosphate 
f o rmati on . 
The re h a s  been much i nte res t  among i nve s t i gato r s  
whethe r a pho sphac y l i um type c ati on doe s e x i s t  a s  an 
i nt e rmedi ate dur i ng the hydro lys is of phosph a t e  e st e r s  and 
the i r  ana l ogu e s . S ome i nves t i gato rs argue s t r o ng l y  i n  favo r 
o f  i t s  exi s tenc e' and s ome are against i t . 2 3 
Do s t rov s k y  and H a lman8 have c onc luded f rom the i r  
s tudi e s  o f  the hydr o l y s is o f  di a lkyl phospho r o c h l o r idate, 
( R0 )
2
POC 1, that thi s chl o r i date is prone to re ac t  by an 
SN2 mechan i sm even i n  a s o lvent of hi gh i on i z i ng powe r .  
H al l5 extended the above chl o r i date s y st em to 
N, N, N' , N' - t e t r amethyl phospho rodi ami di c ch l o r i de, 
[ ( CH 3 ) 2N]2 POC 1
, and found that the ki ne ti c s  o f  
hydro l ys i s  favo red an SN
1 
type mechanism, f i g .  2 3 . 
Hud s on and K e ay5 repo rted ev idence that the P - C l  bond o f  a 
pho spho rochl o r i date, 
22 
unde rgoe s f i s s i on in f o rmi c ac i d  to give a pho s ph a c y l i um 
c a t i o n . 
) 
F i gu r e  2 3  
H a ake a n d  O s s i p6 sugge sted a di s s o c i a t i ve mode o f  
s o lvo l y s i s o f  pho sph i ny l  c h l o r i de in aquou s ac e ton e  whe n  the 
c h l o r i da t e  i s  s t e a r i� a l l y  h i nde r ed , fo r e x amp l e , t-butyl 
pho sphi nyl c h l o r i de . The l a rge t-bu t y l  group supp r e s�e s the 
m o r e  pre f e r ab l e  a s so c i a t i ve me chani sm. The i r ev i denc e 
supp o r t i ve f o r  the e x i s t enc e o f  a pho sphac y l i um i o n has been 
e nh anc ed by the ob s e rv a t i o n  o f  pho sph a c y l i um 
RR 'P
+
=O , a s  an i mp o rt ant f r a gment i n  the ma s s  sp e c t r a  o f  
a pho sphi nyl ch l o r i de . 25 
From the c ryo s c op i c  me a su rement s i n  100% su l fur i c  
ac i d  H a ake and O s s i p  c o nc luded th at a pho sphi namide c an 
hydro l yz e  b y  a s equenc e s  whe r eby pho sphi nyl i urn i on e xj.s t s  a s  
an i nte rmedi ate , 6  f i g .  24 . The re h a s  b e e n  c o n s ide r ab l e  
i nt e r e s t  i n  c ompound whi ch have the P- N mo i e t y . 3'26 
2 3  
Pho sph i nami date s h a s  been u s ed a s  pho spho ry l a t i on re agents 
f o r  th e s ynth e s i s o f  pho sph ate de ri vati ve s. B y  means o f  
ch emi c a l  dynami c s  i t  h a s  been demonstrated th at th e P -N bond 
o f  H03
P -NHR i s  uns t ab l e  and e i th e r  gene r at e s  th e 
re ac t i ve me taph o sph ate i on ,  P 03
-
, i n  a uni mo l ec u l ar 
di s s o c i ative dec omp o s i t i on o r  unde rgoe s r ap i d  b imo l e cu l ar 
tran s fer o f  the P 0
3 
mo i ety to gene rate a new 
ph o sph ate de r ivat ive . 25 ' 27 
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A de f i ni tive s tudy o f  nuc l e ophi l i e  sub s t i tuti on at 
pho sph o ru s  i n  tr i a l ky l  pho sphate s  whi ch are thought to be 
rep re s entative of h i gh ene rgy pho sphate s found in b i o l o gi c a l  
sys tems , for examp l e , ATP , i s  hi nde red due t o  the l ac k  o f  a 
sui t ab l e  sub s t r ate. Our re se arch group ha s di s c ove red that 
24 
2 - sub s t i tu t ed -5 - ch l o rom e th y l -5 - me th y l - 2 - oxo - 1 , 3,2-di ox a -
! 
pho sph o r i n a n s , f i g  • 251 a r e  su i t ab l e  sub s t ra t e s f o r  the 
I 
s tudy o f  the me c h an i s m  o f  sub s t i tu t i o n  at pho s pho ru s.28 From 
I 
the dep ende nc y o f  i some r i z a t i o n o f  th e pho s pho r i n an o n  the 
2 - sub s t i tu en t  and on s o lvent po l a r i ty , it w a s sugge s t ed th at 
i s ome r i z a t i o n  mi ght p ro c e ed through i oni z a t i o n  and cou ld be 
de t e c t ed . 28' 29 
F i gure 25 
The t r e a tment o f  c i s - ch l o ri date , whi c h  i s  the on l y  
p rodu c t  from a n  A rbu z ov typ e  re a c t i on betwee n  meth y l  
b i c yc l i c  pho sphi t e  a nd su l fu r y l  c h l o ri de, f i g .  2 6 ,  w:L th 
nuc l e ophi l e s  yi e l d s  b o th c i s  and t r ans p ro du c t s  f ig. 2 7 .  
The r at i o  o f  the i s ome r s  obtai ned a s  pr odu c t  i s  f ound to b e  
dependent o n  s ev e r a l  f a c to r s; the nature o f  the solven t, 
adde d s a l t s  p r e s ent and the b a s i c i ty o f  the nuc l eophile . 
e f fe c t s  o f  l i thi um i on and o ther i ons , so lv e nt p o l a r i:t y , 
ac i d i t y  e t c. o n  the s t e re o chemi s t r y  o f  th e p roduct have 
been d i s c u s s e d . 2 8
-3 0 A s a re su l t , i n  a s e r i e s  o f  p aper s 
ou r re s e a r c h  g roup h a s  p ropo sed m e chani sms b y  wh i ch the 
2 5  
ste reoch emi stry o f  sub stututi ons o f  2 - sub s ti tuted 
- 5 - ch l o rome thy l - 5 -me thy l - 2 - oxo- 1 , 3, 2 - di ox a - ph o sph o ri n ans i s  
contro l l ed .  27-29 
Nu ) 
CIS 
Figure 2 6  
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Figure : 2 7  
W e  h av e  a l s o  found that backbond i ng b e tween the 
ph o sph o ru s  atom and the attacking nuc l e oph i l e  i s  o f  p r i me 
importanc e .  E f fi c i ent backbondi ng whi ch l e ads to re t enti on 
of configurat i on i s  enh anc ed by fac tors whi ch i nc re a s e the 
2 6  
po s i tive cha r ac t e r  at the pho spho ru s atom , i. e . ,  e l e c t ron 
wi thdraw i ng l i gands or l ewi s ac i d s  whi ch bond to the b a si c  
pho spho ryl oxygen . I n  cont r a s t  i nve r s i on i s  f avo red i n  the 
c a se of p o o r  b a c kbondi ng between nuc l eophi l e  and sub s trate 
and by l e av i ng group s we akl y  bonded to ph o spho ru s . A s  the 
pho spho ru s - l e aving group bond i s  we akened th e chanc e s  o f  a 
di s so c i a t i ve me chani sm i nc re a se and at the extreme the bond 
wi l l  b r e ak to gene r ate a pho sphac y l i um c at i on . In th i s  
l atte r c a s e  the reacti ons shou l d  l o se the i r  
ste reo sp e c i fi c i ty . 
Add i t i on o f  an e l ec t rophi l i c  c at a l y s t  whi ch c an 
c omp l ex wi th the l e av i ng group and sub sequent l y  we aken the 
pho spho ru s - l e av i ng group bond mi gh t  p romo te the di s s o c i ative 
mech ani sm . 
Met a l  i on s  h ave been found to have s i gn i f i c ant 
e f f e c t s  on th e methano l y s i s of pho sphate e s t e r s . 3 1 The y  a l so 
c at a l yz e  the methano l y s i s  reaction . M e t a l  i on s  c omp l ex i ng 
with the l e av i ng group enhanc e s  the po s i tive ch a r a c te r at 
pho spho ru s maki ng i t  mo re p rone to be attacked by 
nuc l e ophi l e s .  
I n  c at a l yz i ng c e rtain methano l y s i s r e a c t i ons i t  h a s  
been found that the e ffi c i enc y o f  l e ad a c e t a te i s  l arge, 
mu ch mo re e f f i c i ent than sodium ace tate . M arked d i f f e renc e 
i n the stereochemi stry o f  the p roduc t h a s  a l s o been 
repo rted . L e ad a c e t ate l e ads to produc t s  o f  i nve r s i on 
27 
whe r e a s  sodium ac etate produc e s  a product whi ch r e su l t s  f rom 
1 0 0% retenti on. The anomaly in the re su l t s  i s  due to the 
abi l i ty o f  l e ad a c e t ate in methano l i c  s o lut i on to c omp l ex 
wi th the l e av i ng group and the reby he lp to b r e ak the 
pho spho ru s - l i gand bond. 
Attemp t s  t o  p rove the exi stenc e  o f  a pho sph acy l ium 
i on have i nv o lv e d  only the trans pho sph o ri n an. F o r  a 
de fini t iv e  pro o f  o f  the exi stenc e o f  a pho sphacy l i um i on we 
shou l d  c ar ry out the methano ly s i s reac t i ons unde r i dent i c a l  
c ondi ti ons wi th the c i s - pho spho ri nan sy s tem. A n  i denti c a l  
produc t i some r r at i o from both the start i ng c i s and t ran s 
pho spho r i nans wou l d  i ndi c ate that a pho sphacy l i um i on c ou l d  
exi st a s  a n  i nte rmedi ate. I f  a pho sphacy l i um i on do e s  exi st 
a s  an i nte rmedi a t e  we shou ld ge t the s ame p ro du c t  i s ome r 
rati o i rre spec tiv e  o f  the starting i s ome r, fi g. 2 8 , 
LV 
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D ISCUSS ION 
Th e re i s  n o  d i re c t  method av a� l ab l e  to de t e c t  the e x i sten c e  
of pho sph ac y l i um c at i on s  i n  a chemi c a l  r e ac t i o n. Howeve r ,  
studi e s  h ave b e en c ar ri ed out whi ch de te c t  the i r e x i sten c e  
indi rec t l y . The s tudi e s  ana l yz e  the produc t s  o f  sub s t i tuti on 
wh i ch u s e  a s  re ac t ants po s s i b l e  precu r s o r s  of ph o sph ac y l i um 
i on s . Th e 2 - sub s t i tuted- 5 - ch l o rome thy l - 5 -methyl - 2 - oxo-
1,3, 2 - ph o sph o r in an sys tems we re found su i tab l e  to s tudy th e 
po s s i b l e  e x i s t en c e  o f  the pho sphacyl ium i on s . The geome t ry 
of such system c an be dete rmin ed and inv e s t i gated by the 
s i mp l e proton nmr ch emi c a l  shi ft v a lue s o f  the 5 - me thyl o r  
5 - ch l o rome thy l group proton s . 28 I f  both c i s  and t r an s  
i some r s  of a ph o spho r i nan system g iv e  i dent i c a l  p roduct 
i some r rati o s , a c ommon in termedi ate is  high l y  pr obab l e , 
f ig. 28. In summary, the spec i a l qua l i t i e s  ( c onfo rmati on a l  
immobi l i  ti ti e s, e a s y  o f  i some r identi fi c ati on e t c. ) have 
made the 2 - ch l o ro - 5 - chlo rome thyl - 5 -methy l - 2 - oxo - 1 , 3 , 2 -
di oxapho spho r i nan system an i nv a luab l e  too l i n  the po s s ib l e  
dete c t i on of a pho sphac y l ium c ati on i nt e rmedi ate. The 
ch l o r i date , the p r e cur s o r ,  prepared by t r e at i ng me thyl 
b i c yc l i c pho sphi te wi th Sul furyl chl o r i de , 3 0 f ig . 3 0. Th e 
re ac t i on p r o du c ed the c i s - i some r on l y ,  b o th the 
5 - ch l o rome thy l and the pho spho ryl oxy gen are on the s ame 
side of the r ing . The tran s  i s ome r wou ld hav e  the g roup s on 
oppo s i te s i de o f  the pho spho ri nan ring ,  fig . 3 1 . 
) 
3 0  
Cl I p=O 
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Figu re 3 0  
Me th ano l ysi s o r  sub s ti tution b y  meth y l  a l c oh o l wa s 
th e fi r s t  r e ac ti on p e r f o rmed on the ch l o ridate . Under 
neutr a l  c ondi ti on, rn e thano l ysi s proc eeds wi th 100% inv e r si on 
of c onfi gu ration whi l e  unde r ba s i c  c o ndi ti on 100% retention 
i s  ob s e rved , nmr # 1 and nmr # 2 ,  fig . 29 . 
Th e fi r s t  e f fo rt at fo rming a p r e cu r s o r  o f  
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pho spho r i na n  fo l l owed by di a?; ·t i z at i o n i n  m e t::1 ano l, 
fi g. 32. D i a z o t i z a t i on was :d:t.crri}_')t e d  fo r i t  i s  wide l y  
a s sum e d  tha t  di a z o n i um s al ts d�.�··:.)[nvose to give c a rbo c a·t i ons , 
e sp ec i a l l y i n  the c a s e  o f  prij'ra.ry am i ne s , al tho u gh t:o our 
kno w l edge , the di a z o t i z at ions of ph o spho r ami d a t e s ha. s no t 
b e e n  repo rted . If  suc cesful the c ountE: rp a r t  t o  a 
I 
c arbo ca t i o n , the pho sphac yliun ion wou l d  be an e xp e c ted 
i nte rmedi a te. The p r o du c t  was obt a i ned in hi gh y i e l d w i th a 
2. 5 t o  1 .0 c i s t o  t r an s  r at io. The e s te r s  a re s t ab le unde r 
the r e ac t i o n  c o ndi ti ons; they do not equ i l i b r a t e . The 
po s s i b i l i ty o f  the e x i s tenc e of a ph o sphac y l ium c a t i on, the 
i nte rmedi a t e  shown above , wou ld h av e  b e en enhanc ed i f  we 
cou l d t r e a t the i s om e r i c  c i s -2- ami no - pho sph o r i n an unde r 
) 
32 
i den ti c a l  c ondi t i on s  and obtain the s ame p ro du c t r at i o .  
Un f o rtun at e l y ,  a t  th e t i me we w·e re un ab l e  t o  p rep a re the 
de s i red c i s-2- aminopho sphor inan , a l though a ttemp t s  vle re 
made , f i g. 3 3. t -Bu t y l  hypc�.:·i:Jl·:.n· ite r e a c te d  w i th ammon i a  
and p- t o l uen e su l fo nami de to givd ch lo ro ami n e and p- t o l ouene 
su l fon am i do ch l o r i de r e spec ti ·;I?: l y but non e of the m  r e ac t e d  
wi th t h e  b i c yc le pho sphit e  tc give pho spho r am i d a t e . On the 
o the r h and c h l o r i d a t e  re a--�� w 'th s od ami de unde r and 
without N
2 
a tmo sphe r e  to give a pho spho r im i d a t e  and 
pho spho r an i c  a c i d  r e spec t i vPly but. no am i d e  w a s  f ormed , 
nmr # 3. The c i s am i de h as JO."! b,=,er. · ep a red b y  o the r mE� a n s  
( b y  ano the r memb e r o f  our grou�) and thi s w a s supp l i ed fo r 
ou r di a z o t i z at i o n s tudi es, A-.� \vJ\..h ··he t r an s  i so mer, the 
produc t o f  i nve r s i on ,  a di f f e rent isom e r  
predomin at e s. The f a c t  that an cq a.L �)roduc t i s ome r r atio i s  
not ob t a i ned f r om b o th i s ome ric starting mat e r i a l s  i ndicct t e s 
tha t a c ommon i nt ermedi at e, a phosph ac y l i um i o n ,  is no t 
i nvo lved. The f a c t  th a t  both starting isome r s  g i ve a mixt:u re 
o f methy l e s t e r s  and no t on ly the produ c t  o f  i nv ersion , 
c e rt a in l y  c ou l d  r ein f or c e  the nypo the s i s tha t  di a z o tizat i on 
p roc e e d s  thr ou gh a t ran s i t i on st ate in whi ch b on d  b r eaking ,  
th e  l o s s  o f  ni tro gen , i s  far a.dvanced b e f o r e  b ond mak ing 
be c ome s  s i gn i f i c art , f i g .  35. Inde ed , the r e  m a y  in the 
tr ans i t i on s t a t e  be mu ch p o s i tive cha rac t e r s  at p
ho sphoru s . 
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I n  o rde r t o  prov e o r  di sprov e  th e di s so c i ative 
mech ani sm, we h av e  run i denti c a l  re ac ti ons unde r identi c a l  
c ondi ti ons u s�ng p ai r s  o f  i some r s . 
I some r i c mixtu r e s  o f  a 2 - thi opheny l e st e r  ha s b e en 
prepa red by treati ng pho spho roch l o r i date s o luti on in 
ac e toni tri l e  wi th sodium thi ophenoxide , fig . 3 6 .  Tre atment 
of me thy l b i cy c li c  ph o sphi te w i th benz ene su l feny l  ch l o ride 
gav e  th e ci s i s ome r, fig . 3 7. Both th e i s ome r s  o f  
) 
3 4  
t-BuOCI + NH3 
cc� 




Figure : 3 3  
2 -th i oph enyl e s t e r  unde rg o e s  me thano ly s i s  s l owl y i n  th e 
ab sence o f  a c at aly s t  to g iv e  re tenti on p rodu c t s  o n l y, 
) 
NHz I 
r--o�-o �c  
CH2CJ 
CIS 
�aN02 \ HCl 
CIS 
Figure 3 4  
9 p +------- N 
/ � 2 RO,. OR 
Figure 3 5  
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f i g . 38. The re su l t  i s  i n  c ont rast to the unc a t a lyzed 
me thano ly s i s of 2 - ch l o ropho spho ri nan whe re only i nv e r s i on i s  
ob s e rv ed . The r e a son fo r the anomaly i s  no t known but 
p o s s i b l y  has to do wi th the enhanc ed backbondi ng b e tween 
sulfu r  and pho spho rus . 2 5 As a re sult of backbond i ng, the 
Ph o spho ru s - su l fu r  bond may be strong e r  than the pho spho ru s ­
ch l o r i ne bond and the re fore an SN2 reac ti on p rohi b i ted by a 
3 6  
re l ative l y  hi gh ene rgy o f  activat i on . Addi t i on o f  s i lve r 
n i trate d i ve r t s  the r e ac t i on to i nve r s i on wi th the amount o f  
i nve r s i on i nc re a s i ng wi th c ata l yst c onc ent r a t i on, f i g .  3 9 , 
tab l e  1. B o th starting i s ome r s  give i some r i c produc t  
mi xture s but i n  e ach c a s e  the r ati o s  are no t i dent i c a l  and 
inde ed a re n e ar l y  oppo s i te . It i s� the r e f o re, appa rent that 
a c ommon i nt e rmedi ate , pho sphac y l ium c ati on, i s  n o t  l i ke l y . 
7% CIS 93% TRANS 
Fi gure : 3 6  
P yr opho sphate ar e o f  gener a l  i nt e r e s t  due t o  the 




· t · b · 1 · 1 tern s The p - o - p  b o nd i s  hi ghl y mo� e y � n  � o  o g� c a sys · 
re ac t i ve and evi denc e for a di s s o c i ative mechani sm to yi e l
d 
re ac tive metapho sp ate i on ha s been de scr i bed by
 a numbe r  o f  
inve sti gato r s . 1 3 , 3 4 I t  wa s o f  inte r e s t  t o
 i nve s t i gate 
and de te rm i ne the s tere o chemi stry of t
he produc t s  of 
C IS OR TRANS 
Fi gure 3 7  
Fi gure 38 
37 
CIS 
CIS OR TRANS 
methano l y s i s o f  a pyroph o sph ate . Treatment o f  an acid wi th a 
chl oridate gave a mixtur e o f  th ree i s ome r s  o f  a bi s -
Pho spho rinan , fi g .  40 . The tr an s - trans i s ome r w a s  p r e s ent in 
onl y mino r qu anti tie s .  No attempt was made to i s o l ate the 
TRANS 
Fi gure 3 9  








thr ee sep arate c ompon en t s . The c on f i guarati on r a t i o was 
var i ed by s i mp l y  varyin g the condi ti on s  unde r whi ch the 
pyropho sphate was prepa red . Wi thout added c a t a l y s t, othe r 
than b a s e , the p roduc t c on f i guration c on s i s ted o f  6 0% c i s 
and 40% t r an s . Advan t a ge wa s taken o f  the abi l i ty o f  s i lve r 
i on to di r ec t  di sp l ac emen t o f  chl o r i de ion by inve r s i on to 
give a p roduct mi xture c onsi sting o f  3 6% c i s  and 6 4% t r ans . 
M e than o l y s i s o f  the two product mixtu re s  were c ar r i ed out 
u s in g  va r i ou s  c a t a l y s t s, tab l e  2 .  From the t ab l e  i t  i s  
c l e a r  that produ c t  rat i o vari e s  wi th reac tant r a t i o s  whi ch 
again i ndi c ate s the l ack o f  a c ommon i nte rme d i ate and 
39 
f o rm a t i on o f  an phosphacvl l•!f'n · .z lon. Ou r r e su l t  a re i n  
c ontr a s t  w i th th e u su a l  mechr-:.E•J:·�r:.lr di s s o c i at i ve , c r e di ted t o  





Th e better the lea vi. n. (_ roup the we a ke r the bond 
b e tween the ph o spho ru s  and t�·l-� �Lca'Jing group· and m o r e  the 
po s s i b i l i ty of nucleophilic substi tu t i on th r ou gh a 
pho sph a c y l ium cation. In ordqr to take adv ant a ge o f  an 
ou t s t andi ng l e avi ng g r oup, we studied the 2 , 4 - d i ni t roph enoxy 
ph o sph o r i nan s y s t em. The t·vJO nitro group s wh i ch c an 
e f f i c i en t l y  comple.\(: w i th an electrophillic c a t a l y s t , l e ad 
a c e t a t e , c o nfe r ou t s t anding leaving group a c t i vi t y  t o  the 
dini t ro ph eno x y  sub s t i tu ent . The c i s and t r an s  i s o me r s  o f  
40 
21 4-d i n i  trophe noxy pho sphorirlri4l ·were prepared by addi ng 
s odi um-2 I 4-di ni trophe noxi de to 1 • .1..;'! ch l ori da t e  1 f i g . 41 . The 
weak l y  bas i c  nuc l e ophi le p '('>1 �uced i n i t i al l y  the t ran s 
i some r 1 the i nver s i on prod'JC l.. B a l l ow i ng the r eacti on 
m i xt u r e  t o  s tand in the pr.c�: �·;i, '�· of the pheno xi de i on, an 
equl i br i um mixture i s  o'::>t�() ·; ,__ _ :1 _Ln which the ci s i s omer 
predomi nat e s  over the ln thi s manne r  and by 
frac t i o na l  recry s tallizatOL(,t"i n·, , ·,�;. urE:.s enr i ched i n  e i ther the 
t ran s or c i s 
d i f f i culti e s  i n  
isomers we �e ol.,ta i ned. 
s epa r a t: i n ( J isomers 
f ract i o nal recry s ta lliza · i ;l <::Lriched 
Becau s e  of the 
comp l et<"�ly by 
mi xture s were 
emplo yed, Table 3. i s omer m i xture s gave 
d i f f e re nt product rat i o�, C!<Jd ,, .; t :i 2 unli kely that a common 
i nte rmedi ate i s  pro duced fro�r· \ .  �H·l.�, �'r..:arti ng mat er i al. 
+ 
CIS AND TRANS CIS 
Flgure 1 
l h. l .  dl'splacement at pho sphoru
s has be e n  Nuc e op l lC 
d· t· Me thano l y s i s o f  c i s stud i ed under d i f f erent co n l 1ons. 
4 1  
+ 
chl o ri date i n  the p r e s enc e o f  Ag give s 1 0 0% i nve r s i on .  
When i sop ropyl a l c oho l w a s  u s ed, agai n  on l y  the produ c t  o f  
i nve r s i on wa s obtain ed . Me thano l ys i s i n  the p r e s enc e o f  a 
b a se p r o c e ed s  b y  1 0 0% retenti on , fi g .  42 . I f  pho sphac y l i um 
i on i s  an i nte rmedi ate , a l c oho l y s i s wou ld be e xp e c ted to 
p roduce an i some r i c mi xtu re of produc t s . 
C1 I �=0 �:;)zCH OH ) 
H3c -1 
CH2C t  
c i s  CH30H , OH-) 
a-t3 I 
C I H2C -� 
\,--o �p=O 
I 
100% INVERS ION 0CH3 
100% INVERS ION 
100% RETENTION 
Fi gure 42 
A pho sphac y l i um i on f o rmed from a 2 - thi o -
pho spho r i nan s y s t em , wou ld b e  expec ted t o  have enh anc ed 
s t ab i l i ty, l on ge r  l i fe time and perhap s be s imp l e r  to 
detec t .  Sul fur in c ontr a s t  to oxygen wou l d  be e xp e c ted to 
bett e r  backb o nd to pho spho ru s and i n  turn s t ab i l i z e  a 
42 
cat i on i c  i nte rmed i at e . The r e f o r e  b f tt t � , , .: ! a num e r  o a e mp s w e r e  
made to e l uci date t h e  mr�ch::.n i sm o f  d i sp l acement at 
pho spho ru s i n  thi opho sphat e s y s tem s . 
The f i r s t  2 - th i o -·1-Jl c .. �' [-'h ·�:.. r i n an sy s te m  that was 
studi ed was 2 - ch l o ro - 5 - ch l c �  ,·;u , :.: t.hy l - 5 - methyl - 2 - th i o - 1, 3 , 2 -
d i oxapho spho r i nan . The i s o1�1e ·r t c m i x tu r e  o f  the ch l o r i date 
was p repar ed by t r eat i n g  L. ! 1 .i. c·pho spho ry l  ch l o r i de wi th 
2 - ch l o rome thy l - 2 - m e th y l - p ro rl .r• . -; l ,  3 = di o l  i n  the p r e s e nce o f  
p yr i di ne , f i g .  43 , nm r # 4 .  T r 2n s  ch l o r i date was i s o l a ted 
by f ract i ona l cr y s t a l l i z a t :i .! n f r om a hexane - ch l o r o fo rm 
m i xture ( 10 : 1 ) , nmr # 5 . T V! {.'�XC (:� ; i. s i s ome r cou l d  n o t  b e  
i s o lated . The t ran s c h l o r i da t -:· ·.:l i d  no t react w i th m e than o l 
i n  the p re s e nce o f  
i t s oxo coun t e rpar t  
s i 1 ve r n ·i. L J :: t e  
whi ch 
·.:r1 i ch i s  i n  contra s t  to 
und e rgo e s 
und e r  i de n ti ca l  co ndi t i o n s Wl th 1 �0% i nve r s i on ,  
me thano l ys i s 
f i g. 44 . We 
are no t ce rtai n as to why tr;.e P Cl bo nd i s  mo r e  r eadi l y  
bro ken i n  t h e  P=O cas e  tha n  i n  t l l e  P= S s y s t em . I t  m i gh t  b e  
due to mo r e  e f f i c i e n t  b ac J  bondi ng t o  pho spho ru s i n  the 
s u l fu r  ca s e ,  that the p o s i  tl ve cha r ecte r  of pho spho ru s i s  
l e s s ened and thu s i t s  e l ec t r ophi l i c i  ty and su scept i b i l i ty 
toward a nuc l e ophi l e  great l y  reduc ed . The r e su l t  a l s o  
i nd i cat e s  the nonexi s tence o f  a pho sphacy l i um i on a s  an 
i nte rmedi ate f o r  l f  the sub s t i tu t i on do e s  go through a 
c at i on i nt e rm e d i at e  we wou l d  exp ect a much mo r e  e f f i ci ent 
react i on in the thi o - pho spho ry l cas e  for su l fu r  shou l d  
4 3  
s t abi l i z e th e c a t i o n  th r o "Ltgh J • .  :.� d - o rb i t a l s  and b a ckbond i ng 
to pho s pho ru s . 
+ PSC I 3  
C I S TRANS 
The i nconc l u s i  v ,.:.:_ l: 'f' . .  i U  1 :.- ·. ;  ob t a i ned upo n  the 
di az o t i z a t i on o f  the pho spL') �, · a ! , : � <..L. �.· . .  ·: 3 p r omp t e d  the s ynthe s i s 
and di a z o t i z a t i o n o f  l' lle � - - i .' • : ,-�_ �) � 2 - thi o-pho s pho r i nan s . 
Bec au s e  o f  the enh a n c  :--.d c.� l.' a 1:'· J. l i i: y o f  thi opho s pho r i nan s 1 
a 1 re ady men t i one d , we hop � ··.i t:;_) o e a b l e to read i 1 y p r:- t= p a r e  
bo th i some r s o f  the 2 - thi op o ::51.!bo r· ami d a te . A l s o  a s  men·ti one d  
p revi ou s l y  1 i t  w a s  hop ed tr. a t  a t.h i r pho sph ac y l i um i o :n wou l d 
be mo r e  s t ab l e th an i t s  oxygen ana l o que and g r e at e r e v i denc e 
of a c a ti o n i c i nt e rmed i a ·t e  vtou l d  b e  obt a i ned. An i s ome r i c  
mixtu r e o f  2 - ami no - 2 - thi o - pho .:,pho r i nan w a s  p re p a red by 
pa s s i ng ammo n i a ga s thr ou gh a warm ac etoni t r i l e  s o l u t i on o f  
the t r an s  thi o - ch l o r i da te f i g . 4 5 1 nm r # 6 . C i s- i ::; ome r 
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F i gure 44 
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from bo i l i n g  w a t e r , nmr # 7. The i s ome r i c t r an s  ami de c ou l d  
n o t  b e  i s o l a ted . I t  i s  o f  i nte r e s t that whi l e  t h e  o x ygen 
ana l ogu e  up o n  ami no l y s i s g ave a s i ng l e  ami de s t r i c t l y  by 
i nve r s i on ,  the thi opho spho r y l  ch l o ri date gave a m i x tu r e  o f  
i s ome r s . the r e su l t s  a ga i n  may re f l ec t  the f a c t  tha t  d i r e c t 
d i sp l ac ement m a y  t ake p l ac e  i n  the oxygen c a s e  but an 
addi ti o n- e l i m i na t i o n  me c h an i sm m a y  p reva i l i n  the 
thi opho spho r y l  s y E t em . 
S eve r a l  a t temp t s  t o  pre p a r e  the i s o me r i c  t r an s -
h ydr a z i de f a i l ed , f i g .  4 6 . 
• 
F i gu r e  45 
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4 5  
The 2 - thi opho spho r am i date w a s  sub j e c t e d  t o  ac i d  
c at a l yz ed me thano l y s i  s wi th hydroch l o r i c � s u l fu r i c  and p -
t o l uene sul fu r i c a c i d s a s  c at a l y s t s . The a c i d  c a t a l yz ed 
me thano l y s i  s p ro du c e d  c omp l i c ated mi x tu r e s o f  e s t e r s , b y  
sub s t i tu t i on o f  t h e  ami do gr oup . I n  addi t i on t o  t h e  e xp e c ted 
e s t e r  fo rma t i o n it wa s found that the a c i d s  c at a l yz e  
f o rm a t i on o f  thi ome thyl e s t e r s  wi th the me th y l  group a t  
s u l fu r , f i g . 4 7 , I t  w a s  a l s o found tha t  the s t ro nge r a c :L d s  
c at a l yz e  me thano l y s i s a t  su l fu r  mo s t  e f f i c i ent l y , nmr # 8 ,  
nmr # 9 ,  and nmr # 1 0 . 
Cl  
. I p=S 
C J H2 c-Po1 
C H 3  
TRANS 
CHlC N 
+ H2 N N H2 -----4 
F i gu re 46 
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N O  REACT I ON 
NO REACT ION 
T o  l e arn mo re about the above p ro c e s s  and f o r  
c omp a r i s o n s  o f  phy s i c a l  prope rti e s , w e  wi shed t o  p rep a r e  the 
above thi o l  e s t e r by an i ndependent me tho d . F o rtuna t e l y ,  
a ft e r  s eve r a l  a ttemp t s  we suc e eded b y  t r e a t i ng c i s -
pho spho r i n an e s t e r s  w i th me th y l  i od i de , f i g .  4 8 , nmr # 11 , a 
repo rted r e a c t i on . 3 4  
T o  e lu c i da te the mechani sm o f  thi s i nt e re st i ng 
re a c t i on ,  we t e a t e d  a s e r i e s  o f  methano l i c  s o l u t i o n s  o f  the 
thi o e s t e r s  w i th the me thyl . group a t  o x ygen wi th 
c o nc en t r a t e d  s u l fu r i c a c i d . Unde r the s am e  r e ac t i on 
C I S  l 
TRI\NS 
F i gu re 4 7  
. ?CH3 
+ f:'-<Y1p =S H C�---o' 
3 CH2CI 
l 
C I S  
4 7  
c ondi t i on s  we f i nd t h a t  a tran s fe r  p ro c e s s  do e s  no t t ake 
p l ac e , f i g .  4 9 . F rom o u r  ob s e rvati ons , we c onc l ude tha t  the 
methy l - su l fu r  b o nd mu s t  b e  f o rmed from the ami de and n o t 
f rom a p revi o u s l y  f o rmed thi o pho spho ryl e s te r ,  f i g .  S O . A 
the rmodyn ami c r at i o o f  i s ome r s  i s  obt a i ne d  due t o  
p s eudo r o t a t i ona l pe rmu t a t i o n s  o f  the i nt e rmedi a t e . 
The di a z o t i z a t i on o f  the c i s - thi opho s ph o r am i date i n  
the p r e sence o f  methano l w a s  p e r fo rmed , f i g .  5 1 . The nm r  o f  
the p rodu c t  m i x t u r e  di d no t show any c l e a r  c u t  i 9ent i f i ab l e  
p rodu c t  r atha r  the p rodu c t  m i x ture l o o ked v e r y  c omp l e x , 
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to p r ove the 
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C I S  
e x i s t enc e o f  a 
pho sphac y l i um i o n  a s  an i nt e rmed i ate i n  s o lvo l y s i s r e a c t i on 
h a s t aken o n  a new l i f e wi th the d i s c ov e r y  that a 
2 - hydr az i no pho spho ri nan g i ve s upon a c i d  c at:a l yz ed 
m e thano l y s i s a m i x tu r e  o f  i s ome r s  i r re spe c t i ve o f  the 
geome try of s t a rt i ng m a t e r i a l , f i g .  5 2 . Wi thou t a s t r o ng 
a c i d  c at a l ys t  m e thano l y s i s do e s  not take p l ac e . The re su l t s 
a r e  i n  m a rked c ont� a s t  t o  the a c i d  c at a l yz ed me thano l y s i s o f  
a s i mp l e  pho spho r ami d a t e  whe re i nve r s i on i s  the o n l y  route 
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In the c a s e  of hydraz i de s , it s e em s · obvi ou s that 
p roton ati on of the hydraz in o mo i ety wou ld c onve rt it in to a 
ve ry r e a c t ive l e aving group . The fac t that b o th i s ome r s  o f  
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the re a c t ant g i ve a ne a r l y  i denti c a l  produ c t  r at i o  c e rt a i n l y  
po i nt s  t o  the p o s s i b i l i ty tha t  a pho spha c y l i um i o n  o r  
pho spha c y l i um i on l i ke i nt e rmedi ate i s  fo rmed , f i g .  5 4 . From 
the r e su l t s , we c onc lude th at the c a t i on i s  mo s t  l i ke l y  i s  
p l an a r  at the pho spho ru s a tom and that the pho spho r i nan r i ng 
m a i nt a i n s  i t s  o r i gi n a l  c o n f o rmati on . 
Wi th thi s  b ac kground i t  w a s  worth whi l e  u s  to l o ok 
a t  o the r s y s tem s wh i ch c o u l d  gene r a t e  a ve r y  r e ac t i ve 
C IS  OR T RA N S  
TRANS 
F i gure 52 
Fi gu re : 53 
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CIS TRANS 
C I S/TRA N S = Yz 
upon ac i di f i c ati on . A pho spho ryl ated imi daz o l e  i s  a l i ke l y  
c andi date fo r upon p ro tonat i o n  a neutra l l e avi ng group wou ld 
be f o rmed . A l s o , the sys tem i s  aki n to b i o l o gi c a l  s y s tem for 
i mi daz o l e  i s  not unl i ke the pyrimidine ba s e s  i n  i t s 
structure and re ac t i vi ty . The ear l y attempt s to pr ep ar e  an 
5 2  
TRANS C I S 
p rep a r e an i m i daz o l e we re t : n �_. ' l ;,_· ·: :.:; s ..:, fu l  fo r the p r o du c t  o n c e  
f o rmed rap i d l y  hydro l yz ed t o  � n , t ,  i n so lub l e  i n  benz ene , the 
so l vent in wh i ch the r e a c t i on \v a s  conduc ted , f i g .  5 5 . The 
de s i r e d  2 - i m i da z o l y l pho spho r i n a n  c ou l d  be i s o l a t e d  i f  
s o lvent s w e r e  f r e sh l y  d i s t i l l e d  and g l a s sw a r e  s c rupu l ou s l y  
dr i ed . Unde r such c o nd i t i o ns p rodu c t  r e c r y s t a l l yz ab l e  f rom 
to l u e ne c ou l d  be obt a i ned in f a i r l y  hi gh y i e l d . NMR d a t a  c an 
be r e adi l y  emp l o yed t o  di s t i ngu i sh b e tw e e n  the de s i red 
pho spho r am i d a t e  and pho sph a t e  s a l t . _ Fo r  the s a l t , p ro ton 
ab s o rp t i on in the a roma t i c  re g i on has a di f f e r e n t  p a t t e rn 
and chemi c a l  shi ft sepa r a t i on than tha t  f ound i n  the 
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I t  i s  no t s u rp r i s i n ·} � · 1 ·1 :�. l· du �;::! to the h i gh r e a c t i vi ty 
o f  the p ro du c t th at CDC 1 3  E:) u l u t i o n s  show vi a nmr s l ow 
i some r i z a ti on t o  a m i x tu r e '· f 'T; -.) ,n .:-:: r: r i c a l  i s ome r , f i g .  5 6 . 
The i s ome r r a t i o  i s  c o n - i dc c ab .L y  �.il f f (:! r ent f r om that found 
wi th a r omat i c  e s t e r s  ( 2 :  1 )  wh i c h m a. y  b e  a c o n s equenc e o f  the 
P - N  ve r su s  P - 0  bond found i n  Jche l a tte r . The i s o me r i z a t i o n 
may b e  c at a l yz ed b y  a sma l l a m o u n t  o f  f r e e  b a s e  found i n  the 
rec ry s t a l l yz ed p r oduc t ,  f o rmed upon unavo i dab l e  hydro l y s i s .  
From c hemi c a 1 sh i ft di f f e r e nc e s ; p a r t i cu l a r l y  o f  the 
5 - me th y l  hydro g e n s , the i s ome r ap e a r s  to have the i ndi c ated 
s truc tu r e , pho spho r y l  oxygen ax i a l i n  b o th i s ome r s , as  i s  
found i n  s i m i l a r N - a l k y l  sub s t i tuted pho spho r am i d a te s . 
5 4  
TRANS CIS 
F i gu re 5 6  
Unc ata l yzed me thano l ys is o f  the tran s  pho spho ryl ated 
imidaz o l e  gave c is methy l esters a lmos t exc lus ive l y . The 
sma l l  amount o f  the oppos i te isome r c an be att r i buted to 
parti a l  i some r i z ati on of st arting mate ri a l . Thi s  resu l t  i s  
not unfam i l i a r to the methano l ys is o f  the 2 - ch l o r o -
phosph o r i nan whe re a l s o  a go od l e avi ng group i s  disp l ac ed b y  
c omp l ete i nve rs i on .  I n  c ontras t , ac i d  c at a l ys i s ( p- to l ouene 
su l foni c o r  t e t r a f luo ro a c e t i c  ac i d )  produc e d  a lmos t 
exc lus ive l y  the methyl es ter s o f  oppos i te c onfi gu a r t i on , the 
t r ans , f i g .  5 7 . The a l mos t c omp l e te re tenti on obs e rved i s  
j u st the oppos i te o f  the ac i d  c at a l yz ed me thano l ys i s o f  N-
a l kyl pho spho r am i dat e s  ( i nve rs i on 
dis s i mi l a r  to the resu l t  obtai ned 
on l y ) and i s  
e a r l i e r  w i th 
not 
the 
hydraz i de s . As in the l atter c ase , we invoke a phosphac y l i um 
l i ke i nte rmedi ate , fi g .  5 7 . Just how free the i on is o f  the 
l eavi ng group p r i o r  to so lvent att ack is unknown but the 
f ac t that a lmos t c omp l ete retenti on is obs e rved i t  may be 
5 5  
mo re f r e e  than i n  the c a s e  o f  �c · d  c a t a l yz ed m e th ano l y s i s o f  
the hyd r a z i de s . Ag a i n , r e s .t l  t �: � , t: u l d i ndi c a t e  tha t  the i on 
r e t a i n s  i t s  o r i g i n a l  c o nf o rm d t i G I1 and that p l an a r i t y  i s  not 
att a i ned a t  the pho spho ru s � �om 
C H 2C t 
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The ne a r l y  c omp l e t e  change i n  s to i c h i om e t ry upo n  
addi t i on o f  a c i d  mu s t  me an tha t  i n  the i m i da z o l e  c a s e  a s  
we l l  · d  th t a c omp l e t e  c hange i n  a s  wi th the hyd r a z l e s  a 
5 6  
mechan i sm o f  s o lvo l y s i s mu s t  o c c u r  i n  the p r e s e nc e o f  a c i d . 
C e r t a i n l y ,  p r o to n a t i o n  and c o nve r s i o n t o  a b e t t e r l e av i ng 
gr oup i s  manda ted . Thi s a l ong wi th the gre a t l y  e nh anc e d  
re ac t i vi ty o f  t h e  r e a c t ant s , e sp e c i a l l y  s t r i k i ng i n  t h e  c a s e  
o f  t h e  hyd r a z i de s , wou l d  a rgue f o r  a di s s o c i a t i v e  m e c h an i sm 
o r  at l e a s t  a p a thwa y  i n  �hi ch bond b r e ak i ng i s  f a r  advanc ed 
p r i o r  t o  bond fo rm a t i o n . S t ruc tu r a l  re su l t s , whi ch t o  our 
know l edge a re the fi r s t  evi de nc e fo r the f i r s t o rde r 
hete ro l y s i s  o f  a pho spho ru s · n i t rogen bond , g i ve s s t r o ng 
evi denc e th a t  a pho spha c y l i um i o n i s  no t p l an a r . Re su l t s  
a r e  dr am at i c a l l y s i mi l l a r t o  the pho spho r y l  f r e e  r ad i c a l  i n  
wh i ch the o rb i t a l  c o nt a i n i ng the l o ne e l e c t r o n  i s  c o n f i ned 
t o  tha t  p o s i t i on i t  o c c up i e s  p r i o r  to homo l y s i s . Ou r r e s u l t s 
i ndi c at e  th a t  hyb r i d i z at i on about pho spho ru s i s  s im i l a r f o r  
the r adi c a l  a n d  c a t i on . 
) 
5 7  
RESU LTS A N D  SUMMARY 
Methano l y s i s o f  2 - ch l o ro -pho spho r i nan und e r neu t r a l  
c o nd i t i ons o r  i n  the p r e s enc e o f  an e l e c t r ophi l i c  c a t a l ys t , 
+ 
e g . , Ag , p r o c e e d  b y  1 0 0% i nve r s i o n whi l e  u nd e r b a s i c  
c ondi t i ons the re a c t i on p ro c eeds wi th 1 0 0% r e t e nt i o n . The 
hi gh s te re o sp e c i f i c i ty in e ac h  c a s e  i s  i ndi c at iv e  of an 
a s s o c i a t i ve and not a d i s s o c i a t i ve p r o c e s s . I n  c on t r a s t  to 
the c h l o r i d a t e  s y s tem 
unde r go e s s o l vo l y s i s even 
the thi o c ount e rp a r t  do e s  
i n  the p re s e nc e  o f  
+ 
A g  i on .  
no t 
The thi o pho spha t e s a r e  chemi c a l l y  unr e a c t i ve c omp a red to 
the pho sphate s .  
B o th c i s  and t r ans i s ome r s  o f  2 - thi ophe n y l  e s t e r  
unde rgo s o lvo l y s i s t o  g i ve re tent i o n  p rodu c t s  o nl y . Aga i n 
the s t e r e o spe c i f i c  natu r e  o f  the r e ac t i on do e s  n o t  f avo r a 
di s s o c i a t i v e  m e chani sm . Even i n  the p re s en c e o f  an 
e l e c t rophi l i c  c a t a l y s t  a c ommo n  i nt e rmedi a t e  i s  no t 
i ndi c at e d . E qu a l  p r odu c t  i s ome r r a t i o s  a r e  n o t obt a i ned 
from e ac h  i s ome r i c s t a r t i ng mate r i a l . 
The di f f e rent p rodu c t  i s ome r r a ti o s , ob t a i ned from 
the me thano l y s i s of two s amp l e s  of pho sphate e n r i ched in two 
d i f f e rent re a c t an t  i s ome r s , a l so do e s  no t p r o c e e d  b y  a 
di s so c i a t i v e  me chani sm . I f  the re ac t i on d i d  f o l l ow a 
di s s o c i a t i ve p a thwa y , i de nti c a l p roduc t i s ome r r a t i o s  shou l d  
b e  ob t a i ne d  f rom b o th s t a r t i ng i s ome r s , whi ch i s  no t the 
c a s e . 
5 8  
D i az ot i z ati on o f  both c i s  and t r an s  i some r s  o f  a 
pho spho rami date i n  the pre s enc e o f  methano l produc e m i x ture 
of i s ome r s  of e s t e r s  wi th di f f e rent rat i o s . The rati o i s  
dependent upon the starting i some r . The p roduct o f  
i nve r s i on w a s  found t o  be predominan t  i r re sp e c ti ve o f  the 
s ta rt i ng i s ome r . The fact that an equ a l  produ c t  i s omer i s  
not obtai ned f rom i s ome r i c starting mate r i a l  indi c at e s the 
l ac k  o f  a c ommon i nte rmedi ate, the pho sphacy l i um i on .  The 
fact that b o th s t a r t i ng i some r s  give a mi xtu re o f  me thyl 
e s te r s  and not onl y  the product o f  i nve r s i on, i s  i n  c ont r a s t  
to the ac i d  c at a l yz ed methan o l y so i s  o f  s i mp l e  
pho spho r ami date s whi ch produce i nve r s i on produc t s  on l y . The 
re su l ts r e i nf o r c e  the, hypothe s i s  that di az o t i z at i on p ro c e eds 
through a t r an s i t i on s tate i n  whi ch bond b r e aki ng , the l o s s  
o f"  ni trogen, i s  f a r  mo re advanc ed than the bond maki ng and 
that the pho spho ru s atom i n  the t r an s i ti on state h a s  
c on s i de r ab l e  po s i t i ve charec t e r . 
The thi o c ounte rpart o f  the pho spho r ami date s y s tem 
give s a c omp l ex p rodu c t  mi xture upon di az o t i z at i on . We had 
expec ted a mo re re s onanc e stabi l i z ed pho sphac y l i um i on 
i nt e rmedi ate wi th the thi o pho sphate s y s tem . 
S o lvo l y s i s o f  a pho sphoryl ated imi daz o l e  h a s  gi ven 
us our f i r st evi denc e f o r  the fo rmat i on o f  a pho sphac y l i um 
i on i nt e rmed i ate b a s ed 
Unc at a l yz ed me thano l y s i s 
on a s t e re ochemi c a l  appro ach 
o f  the t rans -pho spho ryl ated 
5 9  
imi daz o l e  p roduc e s  exc l u s i ve l y  the c i s -me thyl e s t e r  whe re as 
i n  the pre s enc e o f  a s trong ac i d  the tran s - me th y l  es t e r  i s  
the exc lu s i ve p ro duc t .  Thi s re su l t  is i n  c ont r a s t  to the 
ac i d  c ata l yz ed me thano l ys i s o f  N- a l kyl pho spho r ami date whi ch 
pro c e eds by i nve r s i on on l y . Ou r ob s e rvati on o f  thi s ve ry 
reactive sys tem a rgue in favo r of a pho sphac y l i um c at i on 
l i ke inte rmed i ate fo rmed du r i ng s o lvo l ys i s .  The re tent i on 
p roduc t c an b e  ac c ounted for by a ssumi ng the e x i s tenc e o f  an 
i ntermedi ate c at i on whi ch i s  e ss enti a l l y  f r e e  f rom the 
l e av i ng group . The i on retains i t s  o r i gi na l  c o nfi gu rati on 
and p l anari ty i s  not obtai ned at the pho spho ru s atom . The 
ne a r l y  c omp l et e  change in s t e re ochemis try upo n  addi t i on o f  
ac id me ans that a change i n  mechani sm o f  s o lvo l ys i s mu s t  
o c cur i n  the p r e s enc e o f  the ac i d . Upon protonati on , the 
imidaz o l e  group be c ome s an exc e l l ent l e avi ng group . 
Thu s , we have the fi r s t  evi denc e b a s ed on 
ste reo chemi c a l evi denc e for a pho sphac y l i um i on 
i nte rmedi ate . 
From our ob s e rvati ons , we c onc lude tha t  f o r  the 
formation o f  a pho sphac y l ium c ati on i nte rmedi ate a P - N  bond 
rath e r  then e i the r a P - O  o r  P - S bond mu s t  b r e ak . Thi s 
requ i rement c an b e  rati ona l i z ed by the fac t tha t  ni t rogen 
has onl y one p a i r of unu s ed sp 3 e l e c trons whe re a s  oxygen o r  
su l fur h a s  two p a i rs o f  non bondi ng e l e c t rons . A s  a resu l t , 
the backbondi ng b e tween phospho rus and ni trogen w i l l  b e  muc h  
60 
l e s s  than between pho spho ru s  and e i the r oxygen or su l fu r . 
The redu c e d  backbondi ng enab l e s  the pho spho ru s and ni tro gen 
bond to be broken wh i ch l e ads to the gene r at i on of the 
pho sphac y l i um i on i nte rmedi ate . 
6 1  
EX P ER I MENT A L  
1 H NMR s p e c t r a  w e r e  repo rted o n  a P e rki n- E lm e r  R - 1 2 8 spe c t r e  
pho tome t e r  and c hemi c a l  shi f t s , r epo r t ed i n  p a r t s  pe r 
mi l l i on ,  me a su r ed re l a t i ve to an i nt e rna l s tand a rd , 
t e t r ame thy l s i l ane , wi th CDC 1
3 
a s  s o l vent . I s ome r and 
p r oduc t  r a t i o s  we r e  ob t a i ned by i nt r i g a t i on o f  p e ak s  du e to 
5 - me thy l hyd r o gens . 
The e l ement a l  ana l y s i s we r e  done b y  Ga lb r a i th 
L ab o r a t o r i e s  I nc . , Kno xv i l l e ,  Tenne s s e e . 
Me l t i ng p o i n t s  w e r e  t a ken b y  a Thoma s  Ho ove r 
c api l l a r y  me l t i ng p o i nt app ar atu s and a r e  unc o r r e c t e d . 
P r epa r a t i on o f  t - bu tyl hypo c h l o r i t e
3 6  
t - Bu t y l a l c oho l , 7 4  g ( 1  mo l e ) wa s added t o  a c o o l ed 
( 1 5 - 1 6 ° C )  s o l ut i o n o f  s o d i um hydrox i de ,  8 0 g  ( 2  mo l e ) ,  
d i s s o lved i n  5 0 0  mL o f  wat e r . Enough wa t e r  i s  added t o  make 
a homo gene ou s mi x tu r e . Ch l o r i ne g a s  w a s  p a s s ed through the 
mi xture f o r  3 0  m i nute s at a r a t e  of app r o x i ma t e l y  1 l i te r  
p e r  mi nu t e  and then f o r  a n  add i t i o na l 3 0  m i nu t e s a t  a s l ow e r  
rate w i th c o nt i nu o u s  s t i r r i ng . The uppe r  o i l y l aye r w a s  
sepa r ated and w a shed wi th 1 0% s o d i um c a rb o n a t e  s o l ut i o n 
unti l the w a sh i ngs we re no l o nge r ac i di c to c o ngo red . The 
l i qu i d  p r o du c t  w a s  w a shed four t i me s w i th e qu a l  vo lume s o f  
w a t e r  and dr i ed ove r anhydrou s c a l c ium c h l o r i de . The mi x tu r e  
w a s  f i  t e red to remove the c a l c ium ch l o r i de a n d  t h e  l i qu i d  
p r oduc t  pu ri f i ed b y  di s t i l l a t i o n . 
62 
The yi e l d i s  1 0 4  g ( 9 6% ) , b o i l i ng p o i nt 7 7 - 7 8 ° C 
P repa r ati on o f  me thyl b i cyc l opho sph i t e 3 7  
An equ i mo l a r ( 0 . 5  mo l e ) mi xtu r e  o f  1 , 1 , 1 - t r i hydroxy 
methy l e th ane and t r i me th y l  pho sphi te i n  100 mL t o l ue n e  was 
di s t i l l ed s l ow l y fo r 24 hou r s  unt i l meth ano l f o rm a t i on was 
c omp l e ted . The temp a r atu r e  wa s m a i nt a i ne d  at a round 1 2 0 ° C .  
The to l u ene wa s the n  s t i pp e d  o f f  unde r r e du c ed p re s sure 
m a i nt a i n i ng the r o t a ry evapo r ato r ' s b ath temp a r atu r e  at 
a r ound 9 0 ° C .  The whi te c ry s t a l l i ne p ro du c t  w a s  d i s t i l l ed 
unde r hi gh vacuum ( 1 0
- 3 t o r r , 1 2 0 ° C )  and c o l l e c ted ove r 
an i c e  b a th ,  nm r # 1 6  
The y i e l d i s  3 3 % ( repo rted 40% ) , me l ti ng p o i nt 
P r epa r a t i on of 2 - c h l o r ome thyl - 2 - me thylpropane - d i o l 3 8  
Thi o n y l  c h l o r i de , 1 1 9 g  ( 1  mo l e ) ,  w a s  add e d  d ropwi s e  
to 1 , 1 , 1 - t r i hydr o x y  m e thy l e th ane , 1 2 0 g ( 1  mo l e ) , and 
p y r i d i ne , B O g  ( 1mo l ) ,  and the mi x tu r e  f i na l l y  h e a ted at 
1 40 - 1 6 0 ° C ( b a th ) fo r 20 hou r s . The c o o l ed m i x tu r e  wa s 
d i luted w i th w a t e r ( 1  vo lume ) and ext r ac t e d  w i th e thy l 
a c e t ate ( to t a l 5 0 0 mL ) .  The e x t r a c t  w a s  w a she d w i th 2N 
hydro c h l o r i c  ac i d ,  the n w i th wate r and d r i ed ove r anh ydrous 
m a gne s i um su l f ate . D i s t i l l at i on o f  the s o l ut i o n g ave the 
d i o l  ( 40 g ,  3 0% yi e l d )  b . p  1 0 0 - 1 0 3 ° /0 . 3  mrn ( repo r ted ) ; 
1 40 - 1 42 ° / 1  t o r r  ( ob s e rved ) m . p  8 1 - 8 2 ° C 
) 
6 3  
P reparati on o f  2 - ch l o ro - 5 - chl o romethyl - 5 - me thyl - 2 - thi o -
1 , � , 2 - di oxapho spho r i n an 3 9 
Thi o pho spho ryl chl o r i de , 3 7 g ( 0 . 2 2 mo l e ) ,  w a s  added 
dropwi se w i th s t i r r i ng and c oo l i ng to 1 - ch l o r ome thy l -
1 , 1 -dihydroxy me thy l e thane , 3 0 . 1 4g ( 0 . 2 2 mo l e ) ,  e th e r  ( 1 5 0  
mL ) ,  and pyr i d i ne , 3 4 . 7  g ( 0 . 44 mo l e ) . The so lut i on was 
sti rred f o r  1 hou r and fi l te red . The fi l t r a t e  was wa shed 
wi th 5% HC l and wate r , and dr i ed ove r anhydrous magne s i um 
sul f ate . The so lvent w a s  removed to give a whi te s o l i d ( 3 6g ,  
7 0% yi e ld )  whi ch c on s i s ted o f  c i s  and trans i s ome r i n  a 7 to 
8 . 5  rat i o , nmr # 4 .  The nmr p e ak at 0 . 9  and 1 . 2 ppm we re 
a s s i gned to the 5 - methy l protons of c i s and t r an s  i some r 
re spec t ive l y . The i some r i c  mixture w a s  re c ry s ta l l i z ed 4 
time s f rom a hexane - ch l o r o fo rm ( 1 0 : 1 ) mi xtu r e  to i so l ate 







P S ; C ,  2 5 . 5 3 ;  H , 3 . 83 ;  C l , 3 0 . 2 1 ,  S ,  
1 3 . 7 7 ,  m . p  6 4- 6 5 ° C 
for 
Methano lys i s  o f  tran s - 2 - ch l o ro - 5 - ch l o romethyl - 5 - methyl -
2 - thi o - 1 , � , 2 - di oxapho spho ri nan in the pre s enc e o f  s i lve r 
ni tr ate 
A s i lve r ni trate so lut i on ,  25 mL ( 0 . 0 0 1M )  i n  
methano l w a s  added to the chl o ri date 0 . 2 1 6 g ( 0 . 00 1  mo l e ) ,  
a l l at onc e . The mi xture w a s  ref luxed f o r  3 hou r s  after 
whi ch time so lvent was stripped o f f  unde r reduc ed p re s sure . 
) 
64 
The re s i due w a s  taken up i n  methy l ene chl o ri de and f i l te red . 
The methy l ene chl o r i de w a s  str i pped o f f  f rom the fi  1 t r ate 
unde r reduc e d  pre s sure to give a so l i d  p re c i p i t ate . The nmr 
spe c t r a  o f  thi s s o l i d  w a s  found to be exac t l y  the s ame a s  
that o f  the starti ng mate r i a l , nmr # 1 7 . The re a c t i o n  did 
not take p l ac e . 
Preparati on o f  2 - thi ophenoxy- 5 - ch l o rorne thyl - 5 - me thyl - 2 - oxo-
1 , � , 2 - di oxapho spho r i n an . 
Pho spho roch l o ri date , 8 .  7 2 g  ( 0 .  04 mo l e } ,  and sodium 
thi ophenoxi de , 5 .  2 8 g ( 0 .  0 4  mo l e } ,  were added to 40 mL o f  
fre shl y  di s t i l l ed ac etoni tri l e . The mixture w a s  s t i rred at 
room temp a r ature fo r 3 hour s  and s t r i pped o f f  unde r reduced 
pre s sure . The re s i due wa s wa shed wi th water and 
rec rysta l l i z ed from c a rbon tetrach l o r i de to give 9 . 4g ( 80 . 3% 
yi e ld }  o f  produc t ,  m . p  8 8 - 8 9 ° C .  From the nmr spe c t rum o f  the 
produc t the mate r i a l  p roved to be a mi xture o f  c i s  and t r ans 
i some rs . Rec ryst a l l i z at i on did no t change the i some r r at i o  
o f  the c rude p roduc t .  
c 1 1H1 4c l 03
P S ; C ,  45 . 2 4 }  H ,  4 . 7 9 ;  C l , 
Found C ,  45 ; H ,  4 . 7 2 ;  C l , 12 . 0 7 .  
C a l cu l ated for 
1 1 . 9 8 .  
Methano lys i s o f  c i s  o r  tran s  2 - thi ophenyl - 5 - ch l o rorne thyl -
5 - rnethyl - 2 - thi o - 1 , � , 2 - di oxapho spho r i nan . 
Methano l i c  s i lver n i t rate so luti on o f  e i the r the c i s  
o r  trans - 2 - thi opheny l e s ter we re prepared b y  adding 1 0  mL 
) 
6 5  ' 
o f  the methano l i c  s o lut i on c onta ini ng va r i ab l e  c onc entr ati on 
of s i lve rni trate to the e st e r  ( 0 . 2 9 g ,  0 . 00 1  mo l e ) . S o luti ons 
we re sti r red at room temparatu re for 1 0  hour s  and f i l te red . 
To the f i l t r ate w a s  added 3 0  mL o f  di s t i l l ed w ate r and the 
so lut i on ext r a c ted w i th two 2 0  mL po rti on s  o f  methyl ene 
ch l o r i de . The c ombi ned ext r ac t s  we re dri ed ove r anhydrou s 
magne s iuym su l f ate and s o lvent removed unde r reduc ed 
pre s sure to give a vi s c ou s  l i qu i d  re s i due whi c h  c ry s ta l l i z ed 
on s tand i ng . The r at i o  o f  c i s to trans c yc l i c  2 - methyl 
e st e r s  w a s  obt a i ned by i nti grat i ng the peaks a s s i gned to the 
5 - me thy l hydrogens , tab l e  # 1 .  
P repa r at i on o f  2 - ( � , 4 - D i ni trophenoxy ) - 5 - ch l o rome thyl -
5 -methyl - 2 - oxo - 1 , � , 2 - di oxapho spho ri nan . 
To 3 0  mL o f  ac etoni tri l e  w a s  added 2 - ch l o ro -
5 - ch l o rome thy l - 5 -me thy l - 2 - oxo - 1 , 3 , 2 - di ox apho spho r i nan , 
4 . 3 6 g ( 0 . 02 mo l e ) ,  and sodium 2 , 4 - di ni tro phenox i de , 4 . 1 2 g  
( 0 .  02 mo l e ) . The m i x ture wa s sti r red f o r  a n  h a l f  hour at 
room temp a r ature and 
s t andi ng ove rni ght the 
di luted wi th 2 0 0mL 
so luti on was suc t i on 
wate r . After 
f i  1 te red , the 
prec i p i tate wa shed wi th wate r and dr i ed ove r a c etone under 
reduc ed pre s su re . The produc t was di s so lved in 2 5  mL of 
me thy l ene ch l o r i de and the or gani c l aye r wa shed wi th aquou s 
0 . 1M KOH . The o rgan i c  l aye r was dri ed ove r anhydrou s 
magne s i um su l f ate and so lvent removed unde r redu c ed 
6 6  , 
pre s sure . The s o l i d  re s i due was rec ry s t a l l i z e d  f rom c arbon 
tet r achl o r i de . A s  dete rmi ned from nmr spe c t rum , the p ro duct 
cont ai ne d  9 6% o f  the tran s  i s ome r and 4% of the c i s .  No 
attempt wa s made to maximi z e  the yi e l d whi ch i nc re a s ed a s  
the reac t i on t i me was i nc re a s ed . The rmodynami c c ontro l 
be c ame mo re i nf luenc i a l  wi th re acti on t i me such that after 
two days the p roduct c ontai ned onl y 6% of the trans i some r 
and 9 4% o f  the more s t ab l e  c i s 3 9 
The me thano lys i s o f  2 - ( � , 4 - dini t rophenoxy ) - 5 - ch l o rome thyl -
5 -methyl - 2 - ox o - 1 , � , 2 - di oxapho spho ri nan c a t a l yz ed � l e ad 
a c e tate . 
To 1 0  mL o f  a me thano l i c  s o luti on o f  l e ad ac etate , 
tran s , 7% 
5 - me thy l - 2 - oxo -
c i s - 2 - ( 2 , 4- dini trophenoxy ) - 5 - c h l o romethy l -
1 , 3 , 2 - di oxapho spho ri nan , 0 . 3 3�g ( 0 . 00 1  
mo l e ) . The so luti on w a s  sti rred at room temp arature f o r  two 
hou r s  du r i ng whi ch time a he avy ye l l ow prec i p i t a te wa s 
fo rmed . The mi xture w a s  fi l te red and the pre c i p i tate wa shed 
wi th methy l ene chl o r i de , 20 mL . The c omb i ned f i l t rate s  were 
wa shed wi th water fo l l owed by O . lM aquou s KOH . The o rgani c 
l aye r wa s dr i ed ove r magne s i um su l f ate and s o l vent removed 
unde r reduced pre s sure , 5 0 ° C  at 30 mm . The nmr o f  the 
. t b 9 2 °% re s i due , i ndi c ated the reac t l on o e 
methy l e s te rs p re s ent a s  a mi xture of i s ome r s ,  
3 4% c i s . 
c omp l ete and 
6 6% t r ans and 
6 7  ' 
What i s  mo st impo rtant , the i s ome r r at i o  d i d  not 
va ry exc ept wi thi n  a few perc ent regard l e s s  of the 
conf i gurat i on o f  the starting mate r i a l . P re c i p i t a t i on o f  
the 2 ,  4 - di ni trophenoxi de i on a s  i t s  l ead s a l t ,  p revented 
c oncurrent i s ome r i z ati on of starting mate r i a l  by the i on .  
P reparati on o f  2 - ami no - 5 - chlo romethyl - 5 - me thyl - 2 - th i o -
1 , � , 2 - di ox apho spho r i nan 
Through a warm ac etoni tri l e  s o luti on o f  the i some r i c  
mi xtu re o f  the chl ori date , ammoni a g a s  w a s  p a s s ed unti l 
p rec ipi tate f o rmati on w a s  c omp l eted . The r e a c t i on mi xture 
was f i l te red and the so lvent removed from the f i l t rate unde r 
redu c ed p re s su re to give a c rysta l l i ne s em i s o l i d .  Thi s 
s emi s o l i d  c on s i s ted o f  both c i s  and t r an s  i some r s  o f  the 
2 - ami nopho spho r i nan , nmr # 6 ,  from whi ch the c i s  i some r w a s  
i so l ated by c ry s t a l l i z at i on twi c e  from ho t w a te r ,  nmr # 7 .  
NMR p e ak at 0 .  9 ppm w a s  a s s i gned to the 5 - me thyl group 




NC 1 SP ; C ,  2 7 . 8 5 ;  H ,  5 . 1 42 ; N, 6 . 49 5 ; S ,  
1 4 . 8 6 7 ; C l , 1 6 . 44 1  found : C ,  2 7 . 9 3 ;  H ,  5 . 3 3 ;  N , 6 . 2 5 ; S ,  
1 5 . 0 4 ;  C l , 1 6 . 6 1 .  
6 8 ' 
Methano lys i s o f  c i s - 2 - amino - 5 - chl o romethyl - 5 -me thyl - 2 - thi o -
1 , � , 2 - di oxapho spho ri nan in the pre s enc e o f  hydroch l o r i c  
ac i d . 
To 
d i s so lved 
pure 
i n  2 5  
c i s - pho spho r ami date , 
mL o f  methano l 
0 . 2 1 6 g  ( O . O O lmo l e ) ,  
w a s  added 1 mL o f  
c onc ent r ated hydrochl o r i c  ac i d . The s o lut i on w a s  a l l owed to 
stand for fou r days . So lvent wa s removed unde r redu c ed 
p re s sure , and the re s i due taken up i n  me thy l ene c h l o r i de , 
wa shed wi th 4% aquou s KOH f-o l l owed by w a t e r  and dri ed ove r 
anhydrou s magne s i um su l fate . Magne s i um su l f ate w a s  removed 
by f i l trati on unde r reduc ed pre s sure to g i ve a whi te 
prec i p i t ate . The nmr spectrum of the p ro duc t i nd i c ated the 
exi s tenc e o f  a sma l l  amount o f  the i some r i c  mi xtu re o f  the 
methyl e s t e r  a l ong wi th some ring opened p roduc t ,  nmr # 8 .  
Methano lys i s o f  c i s  2 - amino - 5 - ch l o romethyl - 5 - me thyl - 2 - thi o ­
l ,  � ' 2 -d i o x apho spho ri nan in the pre senc e o f  p- to luene 
sul foni c ac i d . 
The s ame proc edure wa s fo l l owed a s  f o r  the 
methano l y s i s o f  the pho spho rami date i n  the pre senc e  o f  
hydro chl o r i c  ac i d  exc ept i nstead o f  u s i ng hyd r o ch l o r i c  ac i d ,  
p - to luene su l f oni c ac i d  wa s u s ed . The yi e ld w a s  sma l l and 
the nmr o f  the product was c omp l e c ated and di f f i
cu l t  to 
i nte rp r e t , nmr # 9 .  
6 9  
Methano lys i s o f  c i s - 2 - amino - 5 - ch l o romethyl - 5 - me thyl - 2 - thi o -
1 , � , 2 - di oxapho spho r i nan in the pre s enc e o f  c onc . su l furi c 
ac i d . 
To the ami de so lut i on , 0 . 2 1 6 g  ( 0 . 00 1  mo l e ) ,  i n  
methano l w a s  added 2 mL o f  c one . su l fu r i c  ac i d  and the 
re ac t i on mi xture wa s a l l owed to st and f o r  5 d a y s . S o lvent 
wa s s t r i pped o f f  unde r reduced pre s su re , the r e s i due taken 
up in methy l enre ch l o ride , wa shed w i th 4% Aquou s KOH 
s o lut i on f o l l owed by water and dri ed ove r anhydrous 
magne s i um su l f ate . The reac t i on mi xture was f i l te red and 
methy l ene chl o r i de was stripped o f f  unde r redu c ed p re s sure 
to give a c ry s t a l l i ne prec ipi tate . The nrn r  spe c t rum o f  the 
f i n a l  produc t gave evi denc e for the pre s enc e o f  an i s ome r i c  
mi xtu re o f  the de s i red methyl e s ter a l ong wi th s ome me thy l 
thi oe s t e r , nmr # 1 0 . Two peaks at 2 .  1 and 2 .  2 ppm we re 
a s s i gned to the protons o f  the thi omethy l group and p e ak s  at 
0 . 9  and 1 . 2  ppm we re to the 5 -methy l pro tons of the c i s  and 
t r an s  e st e r  re sp e c t i ve l y . 
Di az o ti z ati on o f  c i s - 2 - amino - 5 - chlo rome tyl - 5 -methyl - 2 - th i o -
1 , � , 2 - di oxapho spho ri nan in the pre senc e o f  methano l . 
To the me thano l i c  s o luti on of the c i s ami de , 0 . 2 1 6g 
( 0 . 00 1  mo l e ) ,  
( 0 . 02 mo l e ) ,  
i n  
was 
25 mL o f  methano l ,  s odium ni t r i te ,  l .  3 8g 
added and through the mi xtu r e  hydrogen 
ch l o r i de gas w a s  p a s sed for one hour wi th the r e ac t i on 
7 0  
ve s se l  i n  a n  i c e  bath . The mi xture wa s a l l owed t o  s tand f o r  
two hour s ,  f i l te red , wa shed wi th wate r and s o lvent removed 
unde r reduc ed pre s sure to give a sti c ky l i qui d . The l i qu i d  
w a s  extrac ted wi th me thyl ene chl o r i de and w a shed wi th 4% 
aqu ou s KOH . The o rgani c l aye r w a s  s ep a r a te d , dri ed ove r 
anhydrou s magne s ium sul fate , fi l t e red and the methyl ene 
chl o r i de removed unde r reduc ed pre s su r e  to g i ve a s o l i d  
produc t . The nmr spe c t rum o f  the produc t w a s  c omp l i c ated and 
di f f i cu l t  to i nte rpre t , nmr # 1 2 . 
P reparati on o f  2 - imi daz o lyl - 5 - ch l o rome thyl - 5 - me thyl - 2 - oxo ­
l , l , 2 - di oxapho spho r i nan . 
The proc edure mu st be c onduc ted unde r ab so lute l y  
anhydrous c ond i ti ons . Imi daz o le , 1 . 3 6g ( 0 . 02 mo l e ) ,  was 
di s s o lved i n  5 0  mL o f  fre sh l y  di s t i l l ed b e nz ene . The 
s o lu t i on w a s  re f luxed wi th wi th a De an- S t a rke s i de arm i n  
o rde r to remove the l a s t  trac e s  o f  mo i stu r e . T o  the s o luti on 
he ld at 6 0 - 6 5 ° C  ( ne eded to keep imi daz o l e  in s o lut i on ) was 
added 2 - chl o ro - 5 - chl o rome thyl - 5 -me thy l - 2 - ox o - 1 , 3 , 2 - dioxa 
pho spho ri nan , 2 . 1 8g ( 0 . 0 1 mo l e ) ,  di s s o lved i n  5 0  mL of 
fre shly d i sti l l ed benz ene . The addi ti on wa s c ar r i ed out 
dropwi s e  w i th sti r r i ng at such a rate as to m a i nt a i n  the 
temp a ratu r e  at 60 - 6 5 ° c . Maximum yi e l ds we re obtai ned by 
c onduc t i ng the addi ti on unde r an i ne rt atmo sphe re , dry 
ni tro i gen . The upp e r  l i quid wa s de c anted f rom the vi s c ou s  
7 1  
p r e c i p i tate and s o lvent removed unde r redu c e d  p r e s su r e , 3 0  
mm ( warm wat e r  bath ) . On standi ng 
_
whi l e  t i ght l y  s topp e red , 
the l i qu i d  re s i due s l ow l y  c ry s t a l l i z ed . By u s e  o f  c are fu l l y  
dri ed g l a s sware the r e s i due was rec rys t a l l i z ed. f r om fre sh l y  
di s t i l led to luene . I f  the proc edure i s  c a r r i ed out 
c are fu l l y ,  ve ry l i tt l e , i f  any , to luene i ns o l ub l e  mate r i a l  
i s  f o rmed . The f i na l  produ c t  w a s  dri ed unde r hi gh vacuum , 
0 . 1 mm ( 7 0 ° C ) , 1 . 45 g  ( 5 8% yi e l d ) , mp 9 3 - 9 5 ° C .  Ana l : 
C a l cu l ated f o r c8H 1 2 c lN2
o3 P :  C ,  3 8 . 40 ;  H ,  
4 . 80 ;  N ,  1 1 . 2 0 ;  Found ; C ,  3 8 . 5 6 ;  H , 4 . 9 1 ;  N ,  1 0 . 9 7 .  1 H  nmr 
1 . 02 ppm ( CH
3
) ,  3 . 7 8 ppm ( CH
2
C l ) Upon 
rec rysta l l i z at i on from moi st to luene a p r e c ipi tate , 
i n s o lub l e  i n  ho t to luene , was fo rmed , m . p  1 43 - 1 44 ° C . 1 H nmr 
0 . 9 8 ppm ( CH3
) ,  3 . 7 5 ppm ( CH2Cl ) .  A 
CDC 1 3 
s o luti on o f  the i m i daz o l e  de ri vative s l ow l y  i some ri z ed to 
gi ve a new set of peak s , 1 . 2 1  ppm 3 . 6 5 
Methano lys i s o f  t r ans - 2 - imi daz o lylpho spho r i nan ; 
The i m i daz o l e  de rivative obtained f rom the above 
proc edure w a s  p l ac ed in 10 mL of di sti l l ed me th ano l .  The 
s o lut i on w a s  a l l owed to stand at room t emp a r atu re fo r an 
ha l f  hour , then s o lvent removed unde r redu c e d  p re s sure ( 3 0 
mm , S0 ° C ) . The vi s c ou s re s i due wa s taken up i n  2 5  mL o f  
wate r and the aquou s  s o luti on wa s extrac ted twi c e  wi th 2 5  mL 
72 · 
porti ons o f  me thy l ene chl o r i de . The c omb i ned e x t r ac t s  we re 
dri ed ove r anhydrou s magne s ium su l fate and s t r i pped at 
reduc ed p r e s sure . A whi te c ry s ta l l i ne r e s i due rem a i ned ( 8 5% 
yi e l d ) who s e  p roton nmr spectrum w a s  i dent i c a l  to that o f  
authenti c c i s methy l e s te r . 1 H  nmr ; 0 . 9 3 ppm ( CH3 ) 3 . 8 0 
ppm ( CH
2 C l ) ,  3 . 8 1 ppm ( OCH3 ) .  
Ac i d  c ata lyz ed methano lys i s o f  t r a n s - 2 - imi dazo lyl 
pho spho r i nan . 
P ro c edu r e  w a s  repe ated exac t l y  a s  above w i th the 
exc epti on that 1 0  mL of a 0 . 2M s o lut i on o f  p - to luene 
su l foni c ac i d  ( 0 . 002 mo le ) wa s added to 0 . 3 5 g ( 0 . 00 1 4  mo l e ) 
o f  the pho spho ryl ated imidazo le . The re s i due obt a i ned afte r 
the f i na l  s t r i pp i ng gave an 1H nmr spe c trum i dent i c a l  to . 
that o f  authent i c  trans methyl e s te r . 
3 . 5 1 ppm ( CH2
Cl ) ,  
( J
POCH 0 1 8  ) 3 . 
ppm . 
Preparat i on o f  methyl 
3 . 80 ppm ( OCH3 ) ,  
e s te r from the 
1 .  2 5  ppm 
2 - ch l o ro -
5 - ch l o rome thyl - 5 - methyl - 2 - thi o - 1 , � , 2 - di oxapho spho r i nan 
To the i some r i c  mi xture o f  the chl o ri date , 2 .  6 7 g  
( 0 .  0 1  mo l e ) ,  w a s  added methano l ,  2 5  mL , and the s o luti on 
re f luxed f o r  f i ve days . The mi xtu re w a s  c o o l ed and hydrogen 
chl o r i de gas w a s  p a s s ed through the s o luti on f o r  f i ve hou r s . 
The r e ac ti on mi xture was c o o l ed i n  an i c e  b a th . From thi s 
i s ome r i c  mi xture o f  the e ster , c i s  i s ome r ,  1 . 0 g ( 40% yi e l d ) , 
w a s  i s o l ated by rec rystal l i z ati on from me thano l ,  nmr # 1 8 . 
7 3 . 
Re acti on b e tween c i s 2 -methoxy- 5 - chl o rome thyl - 5 -methyl -
2 - thi o - 1 , � , 2 - d i o x apho spho ri nan and ni trou s ac i d .  
To a s o luti on o f  the c i s  methyl e s te r ,  0 . 2 5 0g ( 0 . 0 0 1  
mo l e ) ,  di s s o lved i n  2 5  mL o f  me thano l sodium n i t r i te , 0 . 6 9 g  
( 0 . 0 1 mo l e ) , w a s  added and through the mi xtu r e  d r y  hydrogen 
chl o r i de gas p a s s ed fo r two hour s . The mi xtu r e  wa s f i l te red , 
the so lvent removed unde r reduced p r e s sure and the s o l i d  
re s i due taken i n  methy l ene chl o ri de . The mi xture w a s  dri ed 
ove r anhydrou s magne s i um su l f ate . The re a c t i o n  m i x ture w a s  
f i  1 te red and me thy l ene chl o r i de wa s removed unde r reduc ed 
p re s sure to give a whi te p r e c i p i tate . The nmr spectrum o f  
the p roduct c on f i rmed i t  t o  b e  the s ame a s  that o f  the 
s t a rt i ng 
c onc luded 
mat e r i a l , 
f rom the 
nmr # 1 9 . The r e fo r e , 
r e su l t  that the ni t rou s 
have any e f fe c t  o n  the e s ter . 
i t  has 
ac i d  do e s  
been 
no t 
Re acti on between 2 - methoxy- 5 - chlo rome thyl - 5 -me thyl -2 - thi o -
1 , � , 2 - di oxapho spho ri nan and methyl i odide . 
To methyl i odide , i n  a nmr tube , s o l i d  c i s  me thyl 
e st e r  was di s s o lved and the so lut i o n  was a l l owed to s tand 
fo r two wee k s . The s o lvent wa s removed unde r reduc ed 
pre s sure to give a so l i d p roduct . The nmr spec t rum of the 
product gave evi dence for the exi s tenc e  o f  me t y l  thi o e s t e r  
i n  the reac t i on p roduct , nmr # 1 1 ,  Two sma l l pe aks at 2 . 2  
and 2 . 4  ppm we re a s s i gned to the protons o f  the thi ome thy l  
group . 
7 4 ' 
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Tab l e  I . Methano lys i s  of 2 -Thiophenyl Ester s  Cat a l y z ed by S i lver N i trat e .
a 
I somer 
AgN03 (mo l e s/ l ) 
trans 0 . 1 
trans 0 . 2 
trans 0 . 4  
c i s  0 . 1 
c i s  0 . 2 
c i s  0 . 4  
Product -
Tran s , % C i s , % 
62 3 8 
4 0  6 0  
2 5 7 5  
2 5 7 5  
6 1  3 9  
8 1  1 9 
a
So lut ions O . l
.
M in ester . React ions carri ed out at both reflux and room t emperature without a chang e 
in i some r ra t ios . 
(X) 
0 
Tab l e  I I .  Methano l ys i s  o f  Pyropho sphat e  Mixtur e s . 
a 
Pyrophosp�at e Cata lys t Tran s , 
36% c i s , 64% t rans Hg {OAc ) 2 
3 6% c i s ,  64% t rans Pb {OAc ) 2 · 3H20 
60% c i s ,  40% t rans Pb {OAc ) 2 · 3H20 
60% c i s , 4 0% trans Hg (OAc ) 2 
60% c i s ,  40% trans Zn {OAc ) 2 ·
2H20 
60% c i s ,  40% tran s t - BuOK 
a
Reac t ions O . l M in pyropho sphate and c a t a l y s t . Reac t ions run at room t emperature . 
� 
7 8  
7 2 
5 2  
6 0  
4 6  
39 
Produc t 
% C i s , % 
2 2  
2 8 
4 8  
4 0  
5 4  
6 1  
00 
...,_. 
Tab l e I I I . Ra t i o o f  c i s a nd tra n s  2 , 4-d i n i trop henoxy p ho s p ho r i nan o bta i ned 
at d i ffe ren t reac t i o n  t i me s  · 
t i me 
a ( h r . ) tra n s ( i n v . ) , %  c i s ( re t . ) , %  
0 . 5 96 4 
1 . 5 93 7 
2 . 5 73 2 7  
7 2 . 0  6 94 
a
Run i n  CH3CN a t  ro om tempe ra t u re . 
8 2  
� 
6 5 4 3 2 1 0 ppm 
Spec trum 1 .  NMR s pec trum o f  c i s - 2 -methoxy- 5-chl oromethyl - 5 -methyl - 2-oxo- 1 , 3 , 2-d i oxapho s ­




6 5 4 3 2 1 0 ppm 
Spec trum 2 .  NMR spec tra o f  tran s-2-methoxy-5-c h l o romethyl - 5-methyl -2 -oxo - 1 , 3 , 2 - d i oxapho s ­





5 4 3 2 1 
( o )  ppm . 








5 4 3 
( 6 )  ppm . 
2 1 
Spectrum 4 .  NMR spectrum of 7 : 8 o S , c i s : tran s - 2 - ch l oro - 5 -ch loromethyl - 5 -methy l - 2 -thi o -









( 6 )  ppm . 
� 
2 1 
Spectrum 5 .  NMR spectrum of trans- 2 -chloro - 5 -chloromethy l - 5 -methyl - 2 -thio - 1 , 3 , 2 -









5 4 3 2 1 0 
( o )  ppm . 
Spectrum 6 .  NMR spectrum of 5 . 2 : 4 . 9 , c i s : trans 2 -amino - 5 - chl oromethyl - 5 -methy l - 2 -thio -
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6 5 4 3 2 1 
( o )  ppm . 
Spectrum 7 0  NMR spectrum of c i s - 2 - amino - 5 - ch l oromethyl - 5 -methy l - 2 -thio - 1 , 3 , 2 -




6 5 4 3 2 1 0 
( 8 )  ppm . 
Spectrum B o  NMR spectrum of  methano lys i s  of c i s - 2 -am ino - 5 - ch l oromethy l - 5 -methyl -
2 - th i o - 1 , 3 , 2 -dioxapho sphorinan in the pre s ence of conc . HC l in ch l oroform-d 




6 5 4 3 2 1 0 
( c )  ppm . 
Spectrum 9 u  NMR spectrum of methano lys i s  of c i s - 2 -amino - 5 -chl oromethyl - 5 -methy l - 2 - thio -
1 , 3 , 2 - d ioxapho sphorinan in the pre s ence of para to luene su l foni c  acid i n  




5 4 3 2 1 0 
( o )  ppm . 
Spectrum l O o  NMR spectrum of methanol ys i s  of c i s - 2 -amino -5 -chl oromethyl - 5 -methyl -
2 -thio - 1 , 3 , 2 -d ioxapho·sphorinan in the pres ence of conc . H
2
so4 in 
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5 4 3 2 1 
( o )  ppm . 
Spectrum 1 1 . NMR spectrum of 2 -thiomethy1 -5 -ch1oromethyl - 5 -methyl - 2 - 0x0 - 1 , 3 , 2 -




6 5 4 3 2 1 
( c )  ppm . 
Spectrum 1 2 o  NMR spectrum of methano l ys i s  of  c i s - 2 - amino - 5 - chl oromethy l - 5 -methy l -
2 - thio- 1 , 3 , 2 -d ioxapho sphorinan through d i a zo t i zat ion in ch l oroform-d 
with TMS as  int erna l reference o  
0 
\0 ..p.. 
��· ... �� ·· ··  �.,. ... ... . �� 
6 5 4 3 2 1 
( o )  ppm . 






6 5 4 3 2 1 0 ppm 
Spectrum 1 4 .  NMR s pec trum of c i s -2-ch1 oro - 5-ch1 o romethy1 - 5 -methy1 -2 -oxo - 1 , 3 , 2- d i oxapho s p ho r i nan 
i n  c hl oroform-d wi t h  TMS a s  i ntern a l  standard . 
\0 
0\ 
6 5 4 3 - 2 1 0 ppm 
Spectrum 1 5 . NMR s pectrum of tra n s - 2 - am i no - 5 -c h 1 oromet hy1 - 5 -me thy1 - 2 -oxo- 1 , 3 , 2 - d i oxa p ho s pho r i nan 
i n  c hl oro fonm-d wi t h  TMS as i n tern a l  s tanda rd . 
\0 -....,J 
6 5 4 3 2 1 
( o )  ppm . 
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6 5 4 3 2 1 
( o )  ppm . 
Spectrum 1 7 .  NMR spectrum of s i lver n itrate catalyzed methano l ys i s  of tran s - 2 - ch l oro -
5 - chl oromethyl - 5 -methyl - 2 -thio - 1 , 3 , 2 - d ioxapho sphorinan in ch l oroform-d 
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6 5 4 3 2 1 
( o )  ppm . 
Spectrum 1 8 o  NMR spectrum of methano l ys i s  of tran s - 2 - ch l oro - 5 -chl oromethy l - 5 -methy l -
2 - thio - 1 , 3 , 2 -dioxaphosphorinan by reflux method in chloroform -d with 
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5 4 3 
( c )  ppm . 
2 1 
Spectrum 1 9 . NMR spectrum of 2 -methoxy - 5 - ch l oromethyl - 5 -methyl - 2 -thio - 1 , 3 , 2 -
d ioxapho sphorinan treat ed ,with nitrous acid in ch l oro form-d with 
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5 4 3 2 1 
( o )  ppm . 
Spect rum 2 0 . NMR spectrum of pho sphorylat ed imida zo l e  in chloroform -d with TMS 
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{ 6 )  ppm . 
2 1 
Spectrum 2 1 . NMR spectrum of methano l y� i s  of pho sphoryl at ed imida zo l e  in 
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( c )  ppm . 
2 1 
Spect rum 2 2 . NMR spectrum of ac id cat a l yz ed . methano l ys i s  of pho sphory l at ed imida zo l e  
i n  chloroform-d with TMS a s  int ernal  reference o 
0 
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0 .p. 
